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The Sidlaw Hills are situated in the Midland Valley of Scotland north-east 
of Perth. The lava sequence forms a small part of an extensive volcanic province 
of Løwer Old Rod Sandstone age in Scotland, and the suite in the Sidlaws consjsts 
of a range of lava types including basalt, basaltic-andesite, andesite, and 
dacite though the more basic rOcks predominate. The lavas can be described as 
caic-alkaline. 
Olivine which is always' totally altered, is a ubiquitous phenocryst phase in, 
the basalts and basaltic andesitea, and is frequently accompanied by plagioclase, 
and occasionally by clinopyroxene. Orthopyroxene phenocrysts occur rarely in the 
basalts and in some andesites. 
In their major element chemistry, the lavas are reasonably comparable to modern 
day cab-alkaline lavas, though there is no direct equivalent. The slightly 
alkalic nature of these rocks compared with modern day calc-alkaline lavas is 
reflected in the high concentrations of Ba, Sr, Rb, Zr, La, and Ce, though all 
show considerable variation. Quartz is present in the norms of most Of the 
Sid.law lavas, and hypersthene is present in all. 
The low pressure differentiation of the lavas can be accounted for by 
fractionation of olivine + plagioclase '+ minor ore from' a chemically variable 
immediately parental magma. From the close correspondence between observed 
phenocryat assemblages and liquidus minerals in experimentally melted samples, 
it is concluded that this fractionation took place at low pressures (. 1 kb 
p H20). Cumulus enrichment in p].agioclase appears to have contributed substantially 
to the highly aluminoua nature of many of these rocks as well as the high contents 
of/ 
of Sr. 
It is suggested that fractiônátion of variable amounts of o].ivine and 
clinoyroxene at moderately high p HO from an olivino tholeiite could give 
rise to the chemically variable high alumina inunediately parental magma. 
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1:1 The Sidlaw Hills 
The Sidlaw Hills are situated in the Midland Valley of Scotland between 
560  21' and 560 37' north, and .3° 03' and 3° . 25' west as illustrated in 
FIG 1-1. As a low lying range of hills, they run north-eastwards from Perth 
for approxiniately 34 km, their width va'ying from 1.5 to 5 km. Their maximum 
elevation is 376 m above sea level. 
The lavas of the Sidlaw Hills form a small part of an extensive though 
discontinuous sequence of lavas of Loier Old Red Sandstone age, whose present 
northern limit in Scotland is the Isle of Uya in Shetland, and whose present 
southern extension includes the Cheviot Hills in Northumberland. The most 
easterly margin of this Loper Old Red Sandstone lava sequence is defined by 
the North Sea at Stonehaven while sin the west it extends to Lough Erne in 
Northern Ireland. . This whole area embraces the Glenooe lavas, the Lorne 
Plateau, the Ochil Hills, the: Pent].and Hills, and the Ayrshire volcanics rocks, 
and includes approximately 150 9000 sq km of Scotland and Northern Ireland. 
FIG I-I illustrates the exténtof the Lower Old Red Sandstone lava province. 
1:2 GeneralQeolo 
• The following discussion is based on field work undertaken in this study, 
and on information reported by HARRY (1956 9 1958) PATERSON and HARRIS (1969), 
and ARMSTRONG and PATERSON (1970). 
The/ 	. 	•. 	.:. 	: 
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The total thickness of the Lower 014 Rod Sandstone sequence in the 
Strathmore region (see FIG 1-1) has been estimated by ARMSTRONG and 
PATERSON (1970) to be of the order of 9000 m, and in the Sidlaw Hills 
the• thickness Is probably greater than 1500  m. However, since the base 
of the sequence in the Sidlaw Hills is 'riot exposed, an accurate thickness 
cannot be determined. 
The Lower Old Red Sandstone sequence of the Sid].aw Hills consists of 
interbedded lavas, sandstones and conglomerates. No pyroclastic deposits 
have been recognised. The lavas can be divided into groups up to a few 
hundred metres in thickness. separated by sedimentary horizons. Volcanic 
vents appear to be absent from the Sdlaw Hills, though they are present 
in the related volcanic sequence of the Ochil Hills. FIG 1-2 illustrates 
the general geology of, the Sidlaw Hills, based on a geological map pro-
duced by ARMSTRONG and PATERSON (1970).' 
1:3 ¶ectonic Settin 
SIR ARCHIBALD GEIKIE (1897) 'noting thè'róIative position of Lower 
Devonian sedimentary sequenceS in the Midland Valley coined the term "Lake 
Caledonia" for, the, area, as a region of subsidence. Within this area of 
subsidence,' the vo].canicoentres' have been subjected to minor tectonic move-
ments and in the Sidlaw Hills, folding has produced the Sidlaw Anticline. 
The Sidlaw Hills form the northern limb of this structure and the Sedimentary 
rocks and the lavas dip at 10 °-15°  to the northwest. ARMSTRONG and PATERSON 
(1970) pointed out that the main folding of the Lower Old Red 'Sandstone rocks 
in the Strathmore region took place' in mid-Devonian times. The axes of the 
major folded structures are horizontal, though in the region of Dundee the 
axia/ 	 ' 
.5 
FIG. 1-2 
Simplified geologic1 map of the Sidlaw Hills and 
surrounding areas (Based on map published by 
AflMSTRONG and PATE1SON (197O) 





axis of the Sidlaw anticline does change its attitude from a horizontal 
NE-SW direction to a steep plunge to the southwest. 
Faulting within the Sidlaws, generally trending NE-SW, has only been 
of minor eigniffcance, though a major fault does terminate the sequences 
of lavas in the Carse of Gowrie. 
Recently, the whole regionof Lower Old Red Sandstone volcanicity 
in Scotland has been significant in defining the plate tectonic evolution 
of the Caledonides in theories proposed by DEWEY and PANKHURST (1970), and 
DEWEY (1971), (see Chapter 8). 	 , 
1:4 Preylous Work 	 , 
The geology of the Sidlaw, Hills first received attention towards the 
end of the last century, from H. M. Geological Survey. The western Sidlaws 
were mapped by Professor JAMES GEIKIE, and the eastern extension by H.' M. SKAE S ' 
The first geological map Was published in 1883 as 1" sheet 48 (Perth) on which 
the lavas were termed "porphyrité". However, when cataloguing the volcanicity 
of Great Britain, SIR ARCHIBALD GEIKIE (1897) referred to the Sidlaw lavas 
as "andesites" a description basSd on information supplied by J. GEIKIE. 
A. GEIKIE pointed out that the main vents for the extrusive rocks of both the 
Ochi]. and Sidlaw Hills probably were situated in the region of Stirling, where 
the lavas agglomerates and pyroclastic deposits were thought to be more than 
10 km thick without their base being exposed.  
Although A. GEIKIE described the Sidlaws in relation to other volcanic 
sequences both structurally and topographically, chemical and petrographic 
data were limited. 
Somewhat more detailed studies 'of selected areas of the Sidlawa were 
published! 
published by HARRIS (1928) and DAVIDSON (1932). HARRIS (1928), after 
examination of the extrusive rocks around Dundee, drew attention to the 
presence of andesite once again, and pOinted out that the,only surviving 
high temperature ferro-magnesian mineralé in these rocka, were ortho- and 
clinopyroxene, the former usually altered. HARRIS also noted that horn-
blende bearing lavas, common in other Lower Old Red Sandstone lava sequences, 
and acid lavas were absent from the Sidlaw Hills • DAVIDSON (1932) was able 
to distinguish two types of lava in the area of Perth, on the baei6 of pheno-
cryst size, and the presence or absonc of 'pi.agioclase phenocrysts namely 
"Microporphyritic olivine- enstatite basalt, and olivine-enstatite basalt 
with porphyritic feldapars". Apparentl,bAVIDS0N was the first person7 to 
recognise the presence of olivine in the' Sidlaw ]avaà.,, 	, 
Although neither HARRIS nor DAVIDSON published any complete analyses, 
the latter author stated "It has been known for some time, however, that the 
Old Red Sandstone diorites, andesites, and basalts are decidedly richer in 
potash than the corresponding 'average' rock in the tables of Osann or 
Waahingtni, and it 'appears that the afinities of the 'entire 'group lie rather 
with the monsonitea than with the true dioritoc.. . . ". Since no analytical 
data were apparently available for the ].avas of the Sidlaw Hills, it is likely 
that this statement was made on the basis of analyses Of lavas from, the Lorne 
Plateau sequence, and the Oloncoe. lavas published by H. M. Geological Survey 
• (1916); the Ayrshire volôanics rocks published by H. M. Geological Survey 
(1930); the Pentland Hills lavas and the Cheviot Hills lavas published by 
A. GEIKIE (1897), All of the analyses were presented by GUPPY and THOMAS (1931). 
The first comprehensive study of the petrography and chemistry of the 
lavas of the Sidlaw Hills was made by HARRY (1956, 1958) when in turn he mapped 
7 
the/ 
the Western, and Eastern Sidlaw Hills. He noted that the lavas were generally 
fresh, although olivine was always totally altered. HARRY; drew attention to 
several different lava types, namely feldspar-phyric o].ivine 'basalt, aphyric 
olivinc basalt, andeste basalt, àndesitc, and trachyandesitei and recognised 
their cab-alkaline affinities.. The analyses of selected ).avas from the 
Sid].aw Hills quoted by HARRY (1956, 1958) are referred to in Chapter k, and 
can be found inTABLE 14_1. 
Recently, the Institute of Geological :Scjences has begun an extensive 
re-mapping programme in' the Midland Valley of Scotland, the Sidlaw Hills 
having received attention from ARMSTRONG and PATERSON (1970)  and PATERSON (data 
as yet unpubliohe4).  
1:5 Present Research 
This project was started in 1969, md field work and' sample collection 
were completed at intervals throughout the first year of study. By collecting 
samples related "vertically" and "lateral1y" in the sequence it was hoped 
that a comprehensive picture of the petrography, chemistry and geochemistry of 
the sequence would emerge. 
one hundred and fifty samples were collected from the' central and eastern 
Sidlaw Hills to try to obtain a complete range of lava types in this area. 
Use was made of unpiib].ished• I. G. S. field maps produce4 'by I. B. PATERSON, 
for collecting the freshest possible samples.' Certain large quarries were' 
sampled extensively in an attempt to detect any minor chemical and petrographical 
variations within individual flows and flow units. 
A few samples were collected from intrusive bodies apparently of the same 
age/ 
age as the lavas in order to detect any differences in composition compared 
with the lavas. 
Thill ceotiona Of all the samples Collected were examined and 100 lavaa 
and 3 intrusive rocts were analysed for 12 major elements and 7 trace elements. 
Selected samples were also analysed for Ni, Cr, V, La, and Ce. 
Plagioclase phenocrysts were separated from k lavas, and orthopyroxono 
phenocryats from 3 lavas, Compositions were determined by various techniques 
reported in Appendix (A). Clinopyroxono and plagioclaso were also analysed 
using an Electron Probó Microanalyser. 
Ton lava samples were selected for melting experiments at 1 atmosphere 
pres3uro, cororing a range of compositions from olivine basalt to hyperethene 
andesite in order to determine the crystallisation sequence, liquidus temp.. 
orature, and crystallisation uiitervals. Tiä báaalta from this group were also 




The first rigorous study of the petrography of the ' ].avas of the 'Sidlaw 
Hills was produced by HARRY (1956 9 1958) who recognised the cab-alkaline 
affinities of the lavas. Previous workers such as HARRIS (1928) and DAVIDSON 
(1932) had classified the lavas into certain groups on the basis of their 
petrography. However, no stric.t classificatioü scheme was used by these 
workers, which must be of importance if cOmparisons are to be made with other 
areas of cab-alkaline volcanism,, 
2:2 	Classification 
2:2:1 Introduàtion 
	 I , 
It has become apparent during the present study that any classification 
of the Sidlaw lavas based. so1e1r• On petrógraphy will be of limited use owing 
to the variable chemistry of the lavas. Hence, a classification scheme has 
been 'erected to take account of' both the petrography and the chemistry, and 
it is based on the claasificatiàn used by HARRY (1956, 1958). Although a 
more modern scheme for classifying evolved caic-alkaline lavas has been prof- 
posed by STRECKEIS (1967), it was felt. that this scheme would not satisfact-
only account for all the lavas of the Sidlaw Hills. 
From the literature,' it is clear that previous workers on calc-a].kaline 
10 1.  
lavas/ 
lavas throughout the world have been unable to agree on chemical limits 
for terms such as basalt, basaltic-andesite and andesite. ANDERSON 
(19141) described a basaltic-andesite with plagioclase,olivine, augite, 
and hypersthen.e .phenocrysts with a silica content of 58.7%.. The average 
basaltic-andesite from the Izu-Hakone region of Japan given by KUNO (1959) 
has a silióa percentage of 53.8. WILCOX (1954) regarded the initial lavas 
of Paricutin as basaltic-ande8ites' having  a silica percentage of 55 contain-
ing phenocrysta of olivine and plagioclase. COATS (1959) and BYERS (1961) 
record basaltic-andesite from the Aleutian arc with silica percentages 
ranging from 53 to 56%., . Many of the analyses, quoted by COATS (1968) of 
basaltic-andesite fall within this silica range, though the so-called basaltic 
andesites from the Cascades have silica contents around 58%. It is apparent 
from these reported values that much variability e4sts in the usage of the 
term basaltic-andesite. TAYLOR (1969) records caic-aikaline lavas with 
silica percentages of 53-56 as low  Si-andesites. 
The classification of andesite has suffered from as much diversity i n 
the literature as has basaltic-andesite. NOCKOLDS (195+) quoted on average 
silica content of andesite. of 54.20% whereas analyses quoted by WASHINGTON \. 
(1917)9 KUNO  (1950), TURNER and VERHOOGAN (1960), CHAYES (1965, 1969) and 
COATS (1968) suggest that a suitable lower silica limit for andesitea should 
be 56%, though they do not propose a definite upper limit. The essentIal 
mineralogy of andesitee is : clinopyroxene and plagioclase though it has been 
noted by TAYLOR (1969) that olivine occurs in the more basic varieties, and 
hydrous minerals such as hornblende andbiotite are often present in the 
more siliceous andesites. In this study, this mineralogy is accepted 
together with a lower limit of 56% Sb 2 for andesites. 
Lavas/ 	 : . 
12 
Lavas having silica contents in the range 60 to 65% have been grouped 
separately from the andesites in this study since their petrographical 
features do not match those of true andesites.' This group has been termed 
daóite to indicate their less siliceous nature than rhyodacitea, and rhyo-
litea found in other lava sequences of Lower Old Red Sandstone age in 
Scotland. 	 S 
Usage of the term high-alumina basalt must be treated with a certain 
amount of.ôaution in any classification of caic-alkaline lavas. KUNO (1960) 
used high alumina basalt to describe aphyric lavas of appropriate composition 
from Japan though he also termed a few porphyritic lavas as high-alumina 
basalt8. However, KUNO (1960) dOes regard the aphyric nature of the Japanese 
basalts as important in the definition as high alumina basalt a. 
2:2:2 Classification adopted for the Sidlaw lavas 
	
• 	From the above discuesion the following chemical distinctions have been 
used for classifying the 1vaà àf the Sjdlaw Hills, namely basalt (< 53% Si02 ), 
basaltic.-andesite (53-56% si02 ), andeeite (56-6C siO2) and dacite (60-65% 
SiO2). This classification follows that used by TAYLOR (1969), though there 
are a few minor differencesin silica limits. However, a chemical classific-
ation based on SiO2 
 has proved too limited, and this has been modified to 
• take account of the petrography and the variable K 20 contents. TABLE 2-1 
shows the thodified chemical classification which includes a di8tinction 
between high- and low-K lavas following the classification of TAYLOR (1969), 
JAKES and SMITH (1970),  Strict use of the term aphyric has been adopted in 
this study, namely for thoàe lavas with no phénocrysts present. On this basis 
• 	sil/, 
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TABLE 2-1 	
0 
Cla8sification scheme and phenodrrat assemblages 
of Sidlaw lava types 
x 	Phenocz'ysts present - 





• LAVA 	TYPE % SiO2 % 1C0 01 P1 	Cpx 	- Opx 	Kepar 	Ore 
Olivine Basalt < 53 <2.5 X - 
Feldepar-phyric Olivine 
Basalt 	 •. 	 • 
- 	 <53 <2.5 • x x 	 (x) 
C1inopyroxene-Fe1dspar-phric - 
Olivine Basalt 
• 	 <53 <2.5 X •X 	X 	(X) 
Olivine Basaltz.c Andesite 53-56 <2o5 x 
• 	 Feldspar-phyric Olivine .• 
Basa1tc-Andesite 53-56 <2e5 x 
C1inopyroxeneFe1dspar-phyric 
Olivine Basaltic-fi1ndesite 53-56 <2e5 x x 
High K Basaltic-Andesite 53-56 ) 21. 5 x 	 x 
all the lavas from the Sidlaw Hills are porphyritic. 
2:3. 	Petroraphy of the Sidlaw lavas 
2:3:1 Introduction 
Many of the lava flows in the Sidlaw Hills are massive, though the flow 
thickness is often indeterminate, due to the lack of continuous exposure. 
Vesicular lavas are rare usually forming the tops of individual flows. 
• Olivine is the most noticeable phenocryst mineral in hand specimen 
owing to its alteration colour.. 
In thin section, the lavas are all porphyritic with combinations of 
olivine, plagioc].ase , clinopyroxene, drthopyroxene , K-feldspar, and opaque 
oxides as phenocryst mineralé • The most common phenocryst assemblage is 
olivine + plagioclase. Clinopyroxene occurs infrequently. Orthopyroxene 
phenocrysts are generally rare, occurring in a few basalts and andesitos, 
and K-feldspar phenocrysts occur only in one dacite. •' The total phenocryst 
content of the lavas is usually about 10-15%, though rarely up to 30% pheno- 
crysts occur. The probable order of appearance' of .minerals in the crystallis-
ation of the basic lavas was, as a generalisatiOn, first olivine, 'then plagioclase, 
and later clinopyroxene. However, rocks containing phenocrysts of o].ivino only 
are not confined to basalt, since some andesitic types also show this assemblage . 
The sequence of crystallisation is thus a complex problem, and it will be 
disàuseOd in a later section. 
The groundmass of the lavas is fine grained and intergranular, and very 
rarely glass is present. 
Photomicrographa of each rock type described, are presented at the end of 
thia/ 	. 
this Chapter, and brief descriptions and modal analyses of the analysed lavas 
can be found in Appendix D. Determinative methods for plagioclase compositions 
can be found in Appendix A. 
2: : 2 Olivine Basalt 	(PLATE 1) 
O].ivinè basalts are reasonably widespread in the lava sequence of the 
Sidlaw Hills. In hand specimen, they are usuafly noticeably porphyritic 
and contain very few vesicles. The only phenorysts visible in hand 8peCi-
men are small patches of iddingsite replacing olivin.e. 
Thin section examination howe that the phenocrysts of olivine are 
totally pseudomorphed by iddingeite, and are commonly euhedral. Flow align-
ment of the pseudomorpha with the c-axes of the original olivines parallel 
to the flow direction is an occasional feature. The phenocryats of olivine 
have a maximum length of 1 mm, and display embayments, and "arrowhead" 
structures which according to the conclusions of DREVER and JOHNSTON (1957) 
may indicate quenching. 
The intergranular groundmass consists of plagioclase (An,)., pseudo-
morphed olivine, olinopyroxene, iron ore, biotite and chlorite, with the 
feldspar laths occasionally flow aligned. The intimate association of the 
biotite and chlorite mayindicate a reaction relationship, most probably one 
of alteration of biotite'to chlorite.,  
2:3:3 Feldspar phyric olivine basalt 	(PLATE 293) 
15 
Feldepar-phyriC olivine basalts are quite common among the , lavas of the 
Sidlawa,/ 
16 
Sidlaws, especially near the top of the exposed sequence. In hand specimen, 
the feldapar-phyric olivine basalts are conspicuously porphyritic with 
plágioclase phenocryats up to 3 mm in length, and patches of iddingsitIsed 
olivines up to 2 mm in length. Vesicular rocks have not been found. 
Thin section examination shows euhedral to subhedral phenocrysts of 
plagioclase (lesa than 5% of the rock) which commonly display oscillatory 
and normal zoning from cores of 
72  to rims of '"52' Glomeroporphyritic 
aggregates of p].agioclase are present in certain examples. Alteration of 
the plagioclase phenocrysts is limited, though in one or two cases, there is 
evidence of second generation overgrowths on resoi'bed axd altered cores. The 
àomposition of the overgrowths appear to be similar to the rims of the un-
altered phenocrysts. Olivine forma.generaliy lees than 5%of the rock. Once 
again there is evidencq from the crystal form of the olivine phenocrysts of 
possible quenching. MicrophenocrystE of titano-magnetite and magnetite occur 
rarely in these lavas. 	. . 
The groundinass is intergranular and consists of plagioclase 
altered olivine clinopyroxene, alkali feldspar, on ore, biotite, hyperathene, 
titanaugite, and rarely glass. The minor groundmaas minerals biotite, hyper-
athene, and titanaugite are all strongly ploochroic. The alkali feldspar occurs 
interstitially. Ophitic intergrowths of groundmaas plagioclase and clinopyroxene 
occur fairj.y .  infrequently.
2:3* 4 Clinopyroxene-Feldpàr-phyric Olivine Basalt 	(PLATES t+,) 
The clinopyroxene-feldspar phyric olivine basalts are rather rare in the 
Sjdlaw Hills, the majority of examples occurring near the top of the exposed 
sequence ./ 
17 
sequence. A particularly porphyritic example p1126 occurs near the base of 
the sequence. Apart from 14126, these lavas are sparsely porphyritic, and 
exceptionally, plagioclaso and clinopyrozene phenocryats up 'to 1 cm in 
length occur. 
In thin section, the large phenoCryat size is confirmed with plagio-
clase makingup to 15% of the rock and having a maximum length of 6 mm.. 
Glomoroporphyritic aggregates of plagioclase 'occur fairly frequently. 
Oscillatory and normal wning of the plagoc1ase from. cores of An 60  to rims 
of An50 are common features ,bannentc aiiI resorption rime in the p3.agio-
c1ae phenoorysta are common. Euhedral to oubbedral phenocryst8 of non 
pleochroic clinopyroxenea are distributed randomly, and usually make up leso 
than 2% of the rock. The clinopyx ozone phénOcryata frequently' display twinning. 
Olivine, usually leEs than 5% of the total rock, shows evi4ence possibly of 
two stages of alteration with serpentine cores, and iddingaite rims. The 
iddingaité rime perhaps reflect .a late overgrowth of 'the altered olivinos. 
The o2ivine phonocryoto are occasionally enc1óe8 by both plagioclase and 
cliflópyroxene phonooryata indicating that olivine at least was probably the 
first phase to cryataflico.  
Very rare features in those lavas are .tho occurrence of orthopyroxene 
xenocryste, and phonocrysta. Those have only been found in lavas 1418 9 and 
1419 occurring at 'the top of the sequence. The orthOpyroxeno is usually 
surrounded by an aggregate or rarely a singlo cryatal of clinopyroxene, which 
in turn is surrounded by olivino. Occasionally intergrowths of olivine and 
clinopyroxeno mantle the orthopyroxene. R&dial growth of olivino and clino- 
pyroxono from the orthopyroxene is noticeable in a few cases. Since aggregates 
of olivine and olinopyroxeno with no trace of. orthopyroxeuo cores are present 
it, 
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it is likely that resorption of the orthopyroxeno has taken place. It is 
possible that the orthopyroxone cores may be high pressure phenocryats which 
have reacted with the liquid at lower pressures. KUNO (1950) and JANIESON, 
(1969) have described similar features from the Rakone and Nuanetsi lavas 
respectively though JANIFISON notes that these rare features in the Nuanetsi 
lavac were probably simply xenocryst overgrowthe. without resorption. The 
tmmmtled orthopyroxene phenocryato from ii18 are euhedral and non-pleochroic, 
and on petrographic grounds, it is likely that they have a different compost-
tion and probably a different origin to xenocryata. 
The intergranular to intorsertal groundmaae of the clinopyroxene-  
feldspar phyric olivine basalta consists of psoudomorphod olivine, plagioclase 
(An50 ), clinópyroxone, iron ore, and alkali feldspar. Glass is rarely present, 
and is usually clouded with specks of Iron ore. 
2s315 Oivina).tic-Axideajto 	(PLATE 6) 
Olivine basaltic-andesité,' the slightly more evolved sm1oguo of the 
olivine basalt in the Sidlaw Bills, occurs both at the top and the base of 
the exposed sequence. Its appearance in hand specimen is variable eepecially 
in grain size, though usually pseudomorphed olivine phonocryats up to 1 mm in 
length are noticeable. 
The grain size variation is apparent once again in thin section s and 
frequently the grain size is moderately coarse. Iddingeitised olivine pheno-
orysta account for less than 8% of the rock. Olivine basaltic-andecito M121 
displays a parallel Orientation of 'olivine' phenocrysts which are ouhedral, 
with the orig(n'1 c-axes of the olivines indicating flow direction. As with 
the olivino basalts, there is evidence of possible quenching. 
The! 	 . 	, 
The intergranular groundxnaas consists of plagioclase (M) pseudo- 55 
morphed olivine, non-pleochroic orthopyroxene, clinopyroxene, iron ore 
with alkali feldspar filling the interstices., 
2:3:6 Fe].dapar-hYriC olivine basaltic-andesite 	
(PLATE 7) 
• Lavas belonging to this group are cominen in the Sidlaw Hills occurring 
generally throughout the exposed sequence. flow thickness vary considerably 
with a maximum of 30 metres at CoUace, though the average is much less. 
Laterally, these flows, often extend several kilometers especially those near 
the top of the sequence. In hand specimen, the feldspar-phyriC olivine 
basaltic-andosites are sparsely porphyritic with visible feldspar and idding- 
itised olivine phenocryats.' 
In thin section,. the phenócryst sizeS and modal percentages appear 
variable. Plagioclase . phertocrysts usually make up less than 10% of the rock, 
and olivino less than 6%. However there is complete gradation down to near-
aphyric varieties. The subhedral plagioclase phenocrysts, up to a maximum 
length of 6 mm, commonly display oscillatory and normal zoning from cores of 
'6o to rims of An. 
Rarely up to 25 distinct zones can be observed. Resorp' 
tion rims and embaments are common features in the plagioclase phenocrystso 
Glomeroporphyriti'C aggregates of plagiOè].áse occur, oàcasionally. Iddingaitised 
olivine with a maximum length of 3. mm are usually anhedral and occur sporadically 
throughout the rock. 
The groundmass is nornally intergranular but occasionally pilotaxitic and 
halopilitic.. P].agioclaae (An), clinopyroxefle, iron ore, alkali feldspar and 
occasionally orthopyrOxene and glass (clouded by iron-ore) are present. Ophitic 
intergrowths/ 
intergrowtha of groundmass plagioclase and clinopyroxene occur rarely. 
2:3:7 Clin6pYrO*Ofle_Fe1dSPa1hYriC :oIjvjne basaltic-andesite 	
(PLATE 8) 
Lavas belonging, to this, group are fairly common and occur throughout 
the sequence • Lack of critical exposures make it very difficult to eati-
mate the thickness and lateral extent of the flow, In hand specimen these 
lavas are occasionally quite coarse grained and rarely vesicular. Plagioclase 
is generally the most noticeable phenocryst phase. 
Considerable variations in modal phenocryst percentage and grain size 
are apparent in thin section. Plagioclaso is the moat abundant phenocryst 
phase rarely making up 203 of the total rock. Olivine makes up usually less 
than % and clinopyrOXefle less than 3% of the rock, though as with the last 
group there is complete gradation to near aphyric lavaa. Plagioclase pheno-
crysts are subhedral to euhethal ,and have a u ximum length of 3 mm. They 
usually display normal zoning from cores of An65 to rims of An, though 50 
zoning is not always apparent. GlomeroporphYritiC aggregates of plagioclase 
are fairly common. Pseudomorphod olivine phenocrysts, up to 3. mm in length 
are anhedral to , subhedral aid. frequently display strong pleochrism from deep 
red-brown to straw colours and green to colourless. Plagioàlase phenocrysts 
. Clinopyroxefle phenocrysts occur up to occasionally enclose the olivine  
1 mm in length and are subhed.ral to euhedral. They are non-pleocbroic and 
do not show signs of zoning. Twinning in the clinopyroxefle' is common, and 
the phenocrysts occasionally enclose plagioçlase phenocrysta indicating a 
probable crystallisation order of olivine,'firstJ then plagioclase, and 
finally clinopyroxene.  
The groundmass is usually intergranular but occasionally hyalopilitic, 
and! 
and consists of iddingeitised olivine, plagioclase (AflkS) clinopyroxene, 
iron ore, alkali feldspar and occasionally brown glass.? 
2:3:8 High-K basaltic' andesite 	(PLATE 9). 
High-K basaltic-andesj'te is apparently, the most rare lava type' in the 
Sidlaw Hiils, and forms, a thick homogeneous flow at Craighead Quari"y at the 
base of the exposed sequence. In hand specimen, this lava' is very fine 
grained and compact, and display& very few feldspar phenoorysts. 
The near aphyric nature of the high-K, basaltic andosite (XL) is 
confirmed in thin section. Very rre altered, anhedral alkali-feldspar 
phenocrysts make up less than 1% of the rock.." 
The groundmasa is intergranular and very fine grained, and appears to 
consist of. alkali, feldspar, iron ore', and possibly.. clinopyroxene and ortho-
pyroxene. . .. 
The fact that this lava is extensively altered in thin section may 
indicate metasomatism,since its outcrop is very close to a Carboniferous 
Quartz-Dolerite dyke. Hence, the original composition may well, have been 
changed considerably.  
This lava was termed tráchjandesite by HARRY (1956), 
2:3:9 Orthopyroxene-phyrjc Andesite ( (PLATE 10) 
Orthopyroxene-phyric andesites are uncommon in the lava sequence' of 
the Sidlaw Hills and one flow of unknown thickness and lateral extent has 
been sampled from Ballo Hill. In hand specimen this rock type is quite 
coarse/  
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coarse grained with few poorly developed vesioles. 
Thin section examination reveals that the orthopyroxene-phYriC andesitea 
are sparsely porphyritic and contain phenocryst8 of fresh sub-hedral non-
pleochroic orthopyroxefle (E%5) up to 2 mm in length, and plagioclase 	55-6o 
up to l5 mm long, 	 . 	. 
The intergranular groundrnaàs consists of plagioclase 	48' clino- 
pyroxene, iron ore, interstitiil alkali feldspar, and patches of chioritic 
material. 
2:3: 10  'High K-andesjte 	(PATE U).' 
High K-andesites are not very common in the Sidlaw Hills, and occur 
fairly near the top of the exposed sequence, just south of Collace. In hand 
specimen, these lavas often appear to be considerably altered, and oliv:i.ne 
pseudornorpha are the only phenocryst minerals apparent. 
Thin section examination show the high-K andesites to be sparsely 
porphyritic, with plagioclase and olivine phenocrysts making up less than 
of the rock. Subhedral plagioclase phenocrysts 	56-6o' up to 1.5 mm 
in 
length have a sub-parallel alignment indatixg flow direction. Olivine pheno-
crysts which ar4 occasionally euhedral have been replaced by a non-pleochroic 
green alteratirn produët,. and,he pseudomorpha differ in appearance from those 
present in the' basa].ts and basaltic-andesites. This factor combined with the 
fact that these andesites are rathei silica rich may tend to indicate that' 
the pseudomorphe were originally relatively fayalitic in composition. 
The groundmass has a felted appearance, typical of trachytos and trachy-
andesites, and consists of plagioclase laths(An42 




alkali feldspar, minor non-'pleochroic clinopyroxene and iron ore. 
2:3:11 Dacite 	(PLATES 12,13) 
Dacites have not previously been reported from the lava sequence of.the 
Sidlaw Hills.. Two flows or flow units have been sampled from near the base 
of the exposed sequence. at Abernyte, one of which apparently has a thickness 
in excess of 70 metres. In hand specimen; their appareance is variable, 
ranging from very Line grained with noticeable feldspar phenocrysts to relatively 
• coarse grained and somewhat vesicular, again with feldspar phenocrysts. 
In thin sections this variability of grain size is immediately apparent, 
though in fact the relatively coarse grained sample contain abundant pheno-
crysts ('.20%). Euhedrà]. plagioclase (Anj) 'occurs up to 2 mm in length, and 
frequently shows embayments and rounded corners.' : Allsali feldspar phonocrysts 
are abundant in only one specimen,Other ,phenocryst phases include titano- 
• magnetite, and apatite, though apatite only appears near the top of the very 
thick flOw. 	. 	' 	' ' 	• ' 	 ' 
The groundmass. in pilötaxitic :tohyalopilitic and consists of plagioclase 
(An30 ), alkali feldspar, iron-ore, xare as a groundrnaas mineral only,  in the 
upper part of the thick flow. 
2th 	Petrôgraphy of Intrusive Rocks 
2:4:1 Introduction  
Several large intrusive bodies occur in the Sidlaw Hills, and they have 
beefi reported as sills by HARRIS (1927). 'Three samples were collected from 
Knapp/ 
Knapp Quarry near Abernyte, and one sample from Dron Chape).. BALSILLIE 
(193k) reported dolerite and segregation vol us of riebeckite granite from 
Knapp Quarry. 
2;4:2 D21erit 	(PLATE ik) 	 0.1 
Samples of dolerite from Knapp Quarry and Dron Chapel show little 
variation in hand specimen, and in the case of Knapp Quarry, two samples 
were collected, one from the base of the Quarry face, the other from fairly 
near to the top, in order to detect any variation. The grain size of the 
speóimons is somewhat coarser, than the lavas, and plagioclase is the most 
noticeable mineral. Specks of pyrite are scattered through the samples. 
In thin section, the dolerite consists of plagioclase(An.6 5 
 up to 
2 mm in length, and iddingsitised olivine up to 1 mm, set in a groundniaaa 
of plagioclase (An70) pseudomorphed olivine, clinopyroxene, iron ore and 
alkali feldspar. Mineralogically, there appears to be no difference between 
the dolerites and the feldspar-phyric olivine basalts. 
2:4:3 3egregationVeins,.., (pLATEI5) 
Segregation veins occur randomly in the quarry face at Knapp Quarry 
and in hand speoimeü are quite coarse.. grained with feldspar up to 141'5 cm 
in length. The colour of the segregation veins ranges from black to pink, 
but this appears to be a function of oxidation. 
Thin section examination of the segregation veins confirms the coarse-
ness of the grain size. The rock cons.sts of plagioclase (An32),.alkali 
24 
fèldspar,/ 	0 	 0 
feldspar, quartz, titanomagnotite, with minor riebeckjte, topaz, and apatite. 
DAVIDSON (1932). has reported similar segregation veins from a dolerite intru-
sion just west of Perth. ' 
2:5 Summary 
from the above discussion the following points can be summarised:-. 
Aphyric lavas are apparently absent in the Sidlaw Hills. 
Olivine is ubiquitous in the basic lavas both as a phenocryst and a 
groundmass mineral, and is always totally altered. 
Clinópyroxene though usually present as a groundmass mineral, occurs 
fairlyinfrequontly as a phenocryst phase. 
1) 	'thopyroxene-phyrjc lavas are rare. 	'. 
Acid lavas in generaI are rare. 	 , 
Alkali 'feldspar lie a ubiquitous grounthiaaa mineral, and is rare as 
a phenocryst phase, 	 ' 
In the basic lavas the or4er of first crystallisation of the phenocrysts - 
appears generally to have been olivine' first,, then p]Agioclase, and then 
clinopyroxene. The position of iron Ore, in this crystallisation scheme 
is unknown, since it is a rather rare phenocryst phase.. 
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PLATE 5 	M18: Clinopyroxene-Feldspar phyric Olivine Basalt 
howing rare intergrowths of orthopyroxene 
rinnned by clinopyroxene and altered olivine 
xk5 
PLATE 6 	14121: Olivine Basaltic-andesite 
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PLATE 2 	I'1105: Feldspar hyric Olivine Basaltic-andesite 
illustrating oscillatory, zoning and 
altered/partially resorbod core 
• of plagioclase phenocryst 
• 	 Xk5 
PLATE , 8 	: Clinoyroxone-Feldspar pbyr1.c Olivine 
Basaltic-andesite 
esh intergrown plagioclase and clinopyroxene 
with iddingsitised olivine set in a glassy 
• 	groundmass 	• 
Xk5 
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• 	 PLATE 13 	1107: Dacite 
Note alteration and abundance of phenocrysts 
(alkali + plagioclase feldspar) 
• 	xk5 
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PLATE 3,4 	11U: Do].erite 
Note fairly constant grain size 
X1+5 
PLATE 15 	Hlik: Segregation Vein 
Note: 1) Quartz 
Altered feldspar 












3:1 Introduction  
• 	Apart from ini'tial identification of mineral phases in the lavas of the 
Sidlaw Hills, virtually no data on mineralogy were available before this study 
was started. BROWN (1967) , for example, noted that a knowledge of the chemistry 
of the ithportant. thineral phases in basaltic rooks is necessary to provide a 
basis for understanding the lava variation and genesis. 
Particular attention has: been, paid to the phenocryst minerals olIvthe, 
plagioclase,, and c].inopyroxene and'to a lesser extent orthopyroxene,, since 
these phenocryst minerals lay give ideas about fractionation and magmtic 
variation of the lavas of the Sidlaw Hills.. Although olivine is always totally 
altered $l l.deductions.conceining the orig{nl'. composItion will be discussed.. 
Techniques of mineral analysis employed in this study are described in 
Appendix (A), namely X.-R-F analysis,, optical analysis, and electron microprobe 
analysis. Trace element analyses are limited to the XRF determ{niitions.. 
3:2 Phenocryst Mineraloy. 
• 3:2:1 Olivine 
One of the more noticeable features of the basic lavas of the, sequence 
of' the Sidlaws is the totalS replacement of olivine by red-brown iddingàite,, 
een. bowlingite or' hematite. This replacement can be explained by two 
mechanisms, surface weathering, or magmatic alteration, or more likely a 
combination/ 
• 	 : 	 '. 	 ' 	 , 	 •.•- 
combination of both. GAY and LE MAITRE (1961) suggest that olivine alter-
ation to iddingaite involves ionic diffusion, and as ferric iron replaces 
ferrous iron, this diffusion probably took place in an oxidicing environment. 
It has also been pointed out by GAY and LE MAITRE that the alteration is 
likely to be deuteric, before solidification of the magma,since rims of fresh 
o].ivine are found mantling iddingsite in lavas from Gough Island. BAKER and 
HAGGERTY (1967) report that alteration of olivine under oxidising conditions 
at low temperature will produce iddingsite and that post deuteric alteration 
of iddi,ngsite. produces strongly pleochroic assemblages which ei'entually break 
down to green alteration products. Since strongly pleochroic alteration 
assemblages are pre3ent in many of the basic. lavas of the Sidlawe, it is likely 
that a combination of both deuteric and post deuteric alteration of the à].ivine 
occurred. 
The alteration of the olivine in the lavas has proved to be a problem, 
since any deductions on their origins], composition is speculative. FAWCETT 
(1965), has demonstrated that the composition of the iddingaite alteration 
product of olivine does not give any clues to the original olivine composition, 
since the breakdown of the olivine is not simply a function of hydration. 
ROEDER and EMSLIE (1970) have argued that. olivine compositions which would 
crystalline from a liquid of known Mg/Fo ratio can be deduced by relating the 
partition coefficients of iron and magnesium between olvine and liquid. 
However, in the case of the lavas of the Sidlaw Hills, weathering is likely to 
have altered the iron oxidation ratio,' and thus the amount, of ferrous iron in 
the original liquid is in doubt. 
It,' appears that comparisons of 'lava type and hence olivine compositions 
miEhtbe the most fruitful line of approach in determining the olivine 
Pill 
cOmpositiona/ 
compositions of. the Sidláw lavas. Oliviné compositions from olivine basalts 
in caic-alkaline provinces Of the West Indies and Japan lie in the range 
Fo700, from the data of KUNO (1950),  WILCOX (1954), TURNER and VERHOOGEN 
(1960), IIDA, KtJNO and YAWSAKI (1961) and BAKER (1968). The lavas of the 
San Juan caic-alkaline province of 'Colorado which have similar alkali contents 
to the Sidlaw 1as also have divine compositions in this range Fo700 
according to LARSEN et. al. ( 1936). On the basis of the above discussion 
it has been concluded that the original olivine compositions of the Sidlaw 
basalts may well have fallen into this range Fo 700. 
IIDA ! KUNO and YAMASAKI (1961) have recorded an olivine composition of 
Fo17 	 e from an olivine dacite of th Hyperathenic rock series of Japan. It is 
likely, therefore that the pseudomorphed 'olivine phenocrysts in the high-K 
andesites of the Sidlaws, may well have been relatively fayalitic in composition. 
'3:2:2 Plagioc1ase  
Plagioclase phenocryátà were separated from two feldapar-phyric olivine 
basalts (M66, M67) and two c].inopyróxene foidapar-phyric olivine basaltic-
andesites (M60, M83). The. modal percentages of plagioclase phenocrysts are 
presented in Appendix (D).  
Techniques of se paration gi purification and analysis are presented in 
Appendix (A). Complete purification was not achieved, and the analyses 
have been ,recalculated to limit the effects of contamination. This recalculation 
was rnaIe by removing normative diopside, hyperethene, olivine, ilrnenite and 
apatite from the determined analyses. The determined' and adjusted plagioclase 
analyses are given in TABLE 3-1 and TABLE 3-2 respectively. Recalculation 
of! 

• 	 t'It% M60/EL 
M66/PL M674'L N83,'L 
8±02 54.83 
52.68 52020 53.21 
Ti02 0.2]. 0.25 
0.22 o,i6 
Al 203 28,38 
27.69 27.80 29.89 
FoO 1.18 2.36 
.2.10 100 
!4n0 0.03 0.04 
0004 0002 
MgO 0.56 062 
0.42 0.26 




• 4.50 • 	 k.kO. • kM 
4,58 
K20 0.65 0.76 O•67 
0•35 	• 
P205 0.16 0.26 
0.21 0.15 
• TOTAL • 	100.80 	• • 	 • 	 99.45 99,11, 
100.86 
2.84 • 	 S 
o.kk 
C 1.93. 1.37 
0026 1.88 
or 3.81 4.52 3.99 
2.05 
Ab • 	37.77 • 	3743 37.21 
38.k2 
• 
An 49.65 50.12 • 	 • 	53.67 
514,31 
• 	 0042 
• No 
3.214 : 	 • 	 5.18 - 	 • 
• 	 2.24 
01 •- - 
• 	 302 
• 	 Mgt 	• 
- - • - - 
• 	 I3in 0.1+0 • 	0,148 
0.142 	• 0.30 
Ap 0.38 0.62 0.50 
0135 

Wt% M60/I'L M66/PL M67/PL M83/L 
Si02 55.43 54.79 54.19 53.59 
203 29.00 29.16 29.13. 30.25 
CaO 10.32 10.61 11.25 11.17 
Na20 4.60 4.63 4.6 4.63 
1(20 0.66 0.80 0.70 0.35 
TOTAL 100.01 99.99 100.00 99.99 
• 4.20 1.86 0.54 1.26 
C 1.94 1.33 0.20 1.94 
Cr 3,89 5.00 3.89 2,22 
Ab 38.78 39.30 39.30 39.30 
An 51.15 52.54 55.88 55.32 
Ba n.de n.de n o de 160 
Sr . 	 1344 • 1277 1243 1201 
Rb 8 n.d. n.d. 4 
Zr 40 n.d. n.d. 8 
T 12 • n.d. n.4. 8 
Normative Composition 
or • 4.]. 	 5.2 3.9 263 
Ab 41.3 	•• 	40.6 39.7 40.6 
An 54.5 	 54.2 6.4 57.1 
Atomic %.Composition 
Or • 	 4.1 	• • 	 4.5 • 	 3.8 2.3 
Ab 42.9 	 42.0 41.2 41.8 
An 53.0 	53.4 54.9 55.9 
* 
Analysis by Atomic Absorption 
Remainder by XRF 
n.d. not determined 
M. 
of these analyses on the basis of 32 oxygens indicates that the plagiociases 
are stoichiometric within the limits of analytical error. The compositions 
correspond to labradorite with a range An 6 . Plagioclase phenocrysta 
from a clinopyroxene-feldspar phjric olivine basalt (M19) and from a dacite 
(MlO0) have been analysed using an electron microprobe, and the results 
are presented in TAE 3-3. The compositions in TALE 3-3 are based on 
partial analyses for CaO and K 20 contents of the plagiocláse, the CaO content 
being converted into molecular percent anorthite directly. Correction factors 
for the CaO and K20 contents are very small and do not affect the resulting 
compositions (A. C. Dunham pers. comm.). It can be seen from TABLE 3-3 that 
the plagioclase phenocrysts exhibit reverse zoning, a feature not commonly 
observed in the petrography. It was noted however in 
TABLE 3-'3 
Composition 
wt % 	 Mo]. % 
Sample No. 	CaO 	K20 	An 	Ab 	Or 
M19 	core 	10.70. 	0.48, 	50.7 	46.6. 	2.7 
margin' 	11.80. 	0.40; 	56.4 41.5 	2.1 
!'1100 core 	7.67 	1.32 	34.6 	57.8 7.6 
margin 	9.81 	0.90' 	45.5 	9.3 	5.2 
• the case of the dacites, that the plagiocla8e phenocryats showed strong 
evidence of non-equilibrium with the liquid; namely resorption and 
embay.me'nts (see section 2:3:11). The composition determined for plagioclase 
phenocrysts from M19 compare favourably with the plagioclase compositions 
• 	from! 	' 	• 	' 	' ' 
tf 0 
from separated phenocryots as shown in TABLE 3-2,. though it must be remembered 
that the separated phenooryst analyses do not take account of zoning. Norm-
ative compositions of the plagioclases correspond closely to the molecular 
compositions. The norflàl,, oscillatory, and reverse zoning features of the plagio-
class phenocrysts may well have resulted. from variable water pressu±e during 
the cryatallisation of the magma. YODER (1969) has shown that inôreasing water 
pressure will increase the anorthite content of . the plagioclase cx'ystallising 
whereas as increase in dry pressure will produce more sodic plagioclase. 
The trace element contents of plagioclasé phenocrycts are notably 
different from values quoted for plagioclase phenocrysts from the Izu/akone 
region by IIDA (1961). Strontium is higher by a factor of 3 in the SidlaI 
• plágioclase phenocrysts compared with the phnocrysts of similar composition 
in the hypersthenic rock series Of Izu/Hakone., Barium does not dif fez' 
significantly, . 	 • . 	. 
3:2:3 Cl1noDyroxexe 	. 	 S. 	 . 
S. . 
Since the modal percentage of clinopyr9xene phenocrysts in the ,Sidlaw 
lavas is small, separation by mechanical means was not attempted. Chemical 
analyses of clinopyroxeno phenocrysts from six lavas have been carried out 
using an electron probe inicróanalyser. The analyses are presented in 
TAIXLE 3-4 together with their C,I.P.W.: norms and molecular compositions. 
AU of the clinopyroxenes can be described as augites according to the 
nomenclature of DEER, HOWIE, and ZUSSMAN (1963). Though the most evolved 
áugite phenocryst compositions occur in a basaltic andesite, there are no 
systematic variations in augite compositions from basalts to basaltic 
andesites./ 	 . 	.• 	. 	. . 	. 	S 
\ 
K18(i) M18(i) !118(iii) M18(iii) M18(vi) 1119(i) 
CORE MARGIN '. CORE MARGIN CORE CORE 
Si02 52.52 51.65 52.03. 51615 ,49.96 51.84 
• 	 Ti02 0.76 1.00 0.71 0.99 0.61 0.72 
203 1.84 2.36 1.76 2.51 5.96 5.97 
FeO 94,90 8.98 10.13 9,35 6,51 6.83 
16.49 15.4O MgO 
 
15.85 15.39 15.92 16.2k 
CaO 20.00 20.65' 	•. 19.30 20.14 20.36 19.55 
• 	Na20 0.38 0.38 0.35 0 0 36 0.49 0.56. 
1(20 0.01 0002' 0.0.2 0,01 0600 0.00 
TOTAL 101.90 100.42 100.15 	- 99.90 99.81 101.71 
or 0.06 0.12 0.12 0.06 - 
Ab 3.16 3.20 2.96' 3.05 0.90 4.66 
• 	:A' 
3.22. 11.65 3.17 5.21 1k.09 13.54 
Ne - -' - 	 '• 
-' 	 • 
1.76 • 	 -. 
Di 75.83. 78.29 74.59 76.33 69.52 69.32 
fly 5.75 2.94 	' 10.00 	. 3.88 - 3k2 
• 01 10.57 - 	 8.91 • 	 7.83 •, 	 9.59. • 	 12.57 u.n. 
• 	La 	• ' 	 - - 	 • 	 • - 
• 	 - - 
Urn • 	 1.112. 1.89 1.35 	•. 1.88 • 	 1.16 1.34 
CaSiO3 39.5 • 42.1 39.2 kl,2 112.8 41.2 
MgSiO3 • 	 45.2 113.7 1+11.8 	•. 1+3.9 	• 46.5 	• 1+7.6 
FeSiO3 1503 111.3 . 	 16.1 111.9. • 	 10.7 11.2 
M19(i) M19(ii) 1483(i) M83(ii) M83(ii) M83(iii) M83(iii) 
MARGIN CORE CORE CORE MARGIN CORE MARGIN 
8i02 51.68 50.60 53.27 52.53 53.1+1+ 53.79 53.87 
Ti02 0.61 0.72 0.66 0.75 0.65 0.52 0.53 
203 5.08 6.39 2.23 0.1+9 2.57 1.79 
1.91+ 
FeO 6.97 ., 	6.39 7.85 7.77 8.13 7.99 7.82 
MgO 16.92 16.27 17.53 16.97 17.51 18.31+ 18.03 
CaO 18.90' 19.1+0 19.1+8 19.32 18.39 18.53 18.61 
'Na2O . 	 0.58 0.61+. 0.35 0.39 0.32 0.37 0.32 
0.00 .001 0.00 K2 0 0.02 0.03 0.00 0.0 ]. 
TOTAL 100.71+ i0042 100.37 100.21+ 101.01+ 10103. 101.13 
or 0.06.. .. 	 -; 0.12 0,18. - 0.06 
Ab 4.87 4.45 292 3.29 2.68 3.09 2.68 
An 11.17 14i47I 4.1+5, 4.97 5.1+3 3.18 3 0 78 
Ne .,- . 	 0.51  
Di 65.38 61+.86 72168 72.51 67.93 70.00 69.96 
4.97 - 11.67 io.k 17.91+ i6.1+ø 17.98 
01 12.1+5 14.29 '7.04 	. 7.15 4,62 6.36 4.4 
La  
Urn 1.15 106 11 24 1.1+2 . 	 1.22 0.97 1.00 
CaSiO3 39.5 '+12 . 	 38.9. 	. 39.5 37.5 36;8 	•. .37.1+ 
MgSiO3 1+9.2 1+862 48.8 4802 49.6 50.8 50.3 
FeSLO3 ' 11,1+ 10.6 , 	12.2. 12.+ 12.9 12.4 12.3 
M84(i) M84(ii) M84(ii) M86(i) a26(i) M126(ii) 
CORE CORE MARGIN CORE CORE CORE 
sio2  49.O4 49.82 50.78 50.99 50.12 50.71 
Tio 1.47 1.18 1 1 00 1.06 1.01 0.93 
2°3 1
4.37 4.88 2.41 2.39 4.87 4.67 
FeO 8.02 6.87 7.80 . 	 8,63 7.65 8.01 
MgO. •14.55 14.88 15.36 ,15.43• 15.94 15.87 
CaO 22.23 22.11. 21.82 21.32. 19.98 19.48 
Na20 0.31 O.i0 0.33 o.kk. 0.56. Ok? 
1(20 0101 0.00 0001 	. 0000 0.02 0000 
TOTAL . 100.00 100.14 99.51 100.26 100.15 100.14 
or -. - 0.06 - 0.12.. - 
Ab 	.. - - 	 •. . 	 0.34 	. 1.46 2.16. 397 
An 	- 	 .. 10.50 11.50. 5.09 4.53. 10.70.. 10.62 
Ne 1.42 1.83 1.34 1.22 1.39 
Di. 	. 72.23 73.68. 83.08 	. 81.08.. 1.0.63 68682 
Hy. -. - 	 . .- 	 . . 	 - - 2.46 
01 10.01 8.96. . 	 8.19 	... ,. 	9.69 13.08 12.36 
La. - 3.00 1.79 - . - 
urn. 2.79 . 	 2.24. 1.91 2.01- 1.92. 1.76 




41.5 43.0 	.. 43.3 . 	 k3.k 	. '+6.1 46.2 
FeSiO3 12.9. 11.2 	. 12.4 13.5 	. 12.4 	. 13.0 
42 
andesite. 
Zoning is apparent from the chemistry of the augites, though it is 
not particularly strong. The largest relative percentage difference 
between .the core and margin of the augite phenocrysts is in the case of 
which shows both an increase, and a decrease between Cores and 
margins. 
A plot of the compositions in the pyroxeñe quadrilateral is shown 
in FIG 3-1 and in terms'of the molecular ratio: Ca:, Mg: Fe 2 ,. the largest 
variation is in the Ca content of the augite phenocrysts. However, 'variat±ona 
in the Si029 A1203, and Ti02 contents are noticeable in the analyses. To 
assess the variation in more detail, standard Harker variation diagrams for 
the augite phenocrysts have been constructed 'in FIG 3-2. It can be seen that 
as silica increases, MgO increases, whereas CaO decreases. There is also 
possibly a small increase in FeO content, though TiO2  decreases.. The diatrib-
ution of A1203 is worthy of note in that there are two dintinct groups, one 
with greater. than 	203 9 the other. with less than 3% Al 203.. The problems 
associated with the amount of A1 203 in clinopyroxenes have been the subject 
of debate and research for many years.. 
KUSHIRO (1960) and LE PAS (1962) have demonstrated that the Al203  content6 
of clinopyroxene increases with increased alkalinity of the magma from whiôh 
they have crystal].ised. LE .BAS (1962) has shown that by knowing the amount 
of alumina preuent in the Z site of the clinopyroxene structure, then with a 
reasonable degree of accuracy, ,the affinity of that clinopyroxene, in terms of 
non-alkaline, alkaline, and peralkaline, can be deduced. BROWN (1967) pointed 
out that 'both pressure and temperature of crystallisation of pyroxenes can 
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45 
of clinopyroxene could allow entry of the Ca Tschermalcs molecule into the 
pyroxene structure. This is aupported by FIG 3-3 which illustrates the 
decrease in Al content with increasing silica. However the correlation 
between total A1203 content and silica is a little obscure. BIGGAR (pers. 
comm.) has siggested that both pressure and the rate of cooling could 
affect the entry of Al 0 intópyroxenes, with high pressure and rapid 
cooling both increasing the A1203 contenti There appears to be no unique 
mechanism which is able to account for the variability of A1203 contents 
in clinopyroxenee. 
According to the data of KUSHIRO (196O) the main role of Titanium 
in clinopyroxene is to me1ntain the charge balance which is affected by Al 
substitution into the Z site of the clinopyroxene structure. LE BAS (1962) 
has demonstrated the close correlation between Ti content of clirtopyroxenee 
and the amount of Al in the Z site,, thus supporting KUSHIRO's statement. 
FIG 3-4 illustrates the correlation between Alz  and TiO2  content of the Sidlaw 
olinopyroxenes, and it can be seen that Once again,, two distinct populations 
of points are present.. 
Nepheline and rarely calcium orthosilicate are present, in the norms 
of some of the Sidlaw clinopyroxenes, though it should be noted that reduot-
ion of aU iron to FeO will tend to produce undersaturated norms. The clino-
.pyroxenes fall into the tholei'itic field of COOMBS (1963) though there is 
some overlap with the alkali field. 
3:2:4 Orthopyroxene 
Orthopyroxéne phenocrysts are rare in the lavas of the Sidlaw Hills, 
and! 	 ' 	, 
T 73  













Relationthip between Al and T102 content of Sid3.aw clinopyroxenes 
















0 	 1 	 2 	 3 	 1. 
°/oTiO2 
and only occur in any quantity in the orthopyroxene phyric andesites. 
Once again mechanical separation of the phenocrysta proved to be diffi'cu].t., 
though "hand-picking" of orthopyroxeno from impure separated rock fractions 
was employed for refractive index determinations. Use was made of an electron 
microprobe for analysis of the rare orthopyroxene phenocrysts from one basalt 
(M18) from near to the top of the exposed sequence (see sectión'2:3:4). 
The compositions of orthopyroxené phenoCrysta from the orthopyroxene-
phyric andesites were determined by refractive index measurements on separated 
'grains. The results are given in TABLE 3-5. 
TABLE 3-5 
Sample No. 	 R.I. 	 Mo]. % &. 
M95 	" 	 '• 1.685 	'. 	, 	85 	81 
M96 	 1.681 	. 	 84 
M97 	 1.68]. 	. 	88 84 
The composition has been calculated from determinative curves produced 
by KUNO (1954)  who shows that the compositions depend on the amount of 
A1203 present in the orthopyroxene. - However the orthopyroxenes from 'the 
orthopyroxene-phyz'ic andesite can be, described as bronzites according 'to 
the nomenclature of DEER, HO!IE, and ZUSSMAN (1963). 
ELectron microprobe analyses of the rare orthopyroxene phenocryats and 
orthopyroxenes mantled by clinopyroxene from the c3inopyroxène-feldapar phyric 
olivine basalt i118 are given in TABLE 3-6 together with the cornpoéitions ofthe 
clinppyroxene overgrowths. Since the clinopyroxone rims of the orthopyroxeno pheno-
crysts do' not differ appreciably in composition to the clinopyroxene 
rima/ 

M18(ii) a8(ii) M18(iv) i18(iv) '*M18v 
•0PX CORE CPX RIM OPX CORE, CPX 1fl4 OPX 
SiO2 53.41 51020 52.98 51.29 5f2.22 
TiO2 0.29 1.06 . 	 0.33, 048 0.00 
Al 203 1.07 2.26 1,23 2935 0.38 
FeO 1959 9408 18.73 8.75 	. 23,35 
MgO ?4.02 15.36 23.89 	. 15.99 20.25 
CaO 1.73 20.83 2.18 	, 20.14 	, 1.39 
Na2O 0.01 0.36 0002 0635. 0.00 
K20 0.00 0.01 0.00. 0.02 .0.00 
TOTAL 100.12 100.16 99.36 99.67 99.59' 
- o.o6 ' 0.12 - 
Ab 0.08 3.04 0.17 2.97 - 
An 2.87 4..51 3.29. 4.8o i.ok 
Ne  
Di 4.64 	'• 79.36t 6.17 76.68 4.85 
Ity 	, 88.95 0.92' 86.52 3.63 91.66 
01 	, 2.91 10.10 '3.22 10.32 2.44 
La  
Urn 0.55 2.01 	', 0.63 1.49 - 
3.4 263 , '.' 	4.4 4O.9 2.8 CaSiO3 , 
MgSiO3 66.2 13•11 66.4 , 	 43.2 	. 57.1 
FeSiO3 ' 	 30.3 	' 	 ' 14.4 ' 29.2 13.9 40.1 
rims reported for M18 in TABLE 3_4 9 it is likely the rims are aimp].y 
overgrowtha rather than reaction products between the orthopyroxene and the 
liquid. In those examples where the orthopyroxene cores appear to have 
been replaced by clinopyroxene it is possible that resorption took place 
before the overgrowth of clinopyroxene. The pyroxene pairs are plotted in 
the pyroxene quadrilateral in FIG 3-5. Tie-lines have been constructed 
between the orthopyroxene cores and the clinopyroxene rims. 
• 3:2:5. Other phenocryst Minerals 
No chemical inveétigations of, the phonocryst mineral, alkali feldspar., 
apatite, and opaque oxides, have been undertaken owing to their frequent 
alteration, and minor significance. 	 S 
3:3 	Groundmass Minerals • 	. 	 . 
3:3:1 Introdueti 
ing to limited time available for chemical analysis by electron 
microprobe, investigation of groundmaas minerals has been limited to 
partial analyses for CaO and K 20. of .plagióclaae and alkali feldspar.. 
j:3:2 flagiocLase 	
S 
Groundinass plagioclase has been studied from four lavas ranging from 
basalt to dacite. The results are presented in TABLE 3-7 and, the compositions 
have been computed from partial analyses of CaO and K 20. The results are 
tabulated/ 	. 	.. 	S 	 • 	 . 
YEG. 3-5 
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Sample No. CaO 	K20 	An 	Ab 	Or,  
12.09 	O.49 	57.2 	39.8 	3.0 
129 11.47 	0.62 	53.9 	42.4 	3.7 
11418 	042? 	53.6 	44.8 	1.7 
M100 5.1 	0.80 	23.8 	71.4 	4.8 
There is a regular decrease in anorthite content of the groundmass 
plagioclase from the basalt,. .tb'ough the basaltic-andesitea to the dacite, 
though the orthoclase content is,rathez' variable. 	It is interesting to 
note that although the plagioclase phenocrysta : in M100 display reverse 
zoning and strong disequilibrium with resorption and embayments, the 
groundmaas plagioclase is in fact more sodic than the core of the phenocrysts. 
3:3:3 	Alkali feldspar 
Groundmass alkali feldspar has been investigated in three lavas again 
ranging from basalt to dacite. 	The results are present in TABLE 3-8 in the 





Sanp1e No.•, 	CaO K20 An Ab Or 
M19 3.76 5.10 15.2 60.8 24.0 
• M129 3.12 4.61 1107 66.1 22.2 
!0O 1.95 6.08 6.7 59.8 3.5, 
Though there is a decrease in CaO content from the basalt to the 




CHEMISTRY ' DESCRIPTIVE and CO1PARATIVE 
k:i Introduction 
One hundred new analyses of lavaa and three analyses of intrusive rocks 
from the Sidlaw Hills are, given in Appendix (C). Technicues used in sample 
preparation and subsequent analysis are presented in Appeidix (A) ! 
Chemical analyses of seven lavas from the Sidlaws were reported by 
HARRY (1956 ? 1958) and these are presented in TABLE k-i with their C.I.P.W. 
norms. Though of limited use. n this, study owing to different analytical 
techniques employed gr these analyses have been included to illustrate the 
overaaturated nature of the lavas, together with their high alumina, and in 
a few cases high total alkali contents. 
• 	The selection of lavas for analysis was based on petrography and 
• 	freshnese. 	 ' 
• 	Two lava flows from Burnside Quarry" (see location map) were sampled in 
• detail in an attempt to detect any intra- and inter-flow chemical varIation 
since variations in the petrography were apparent. Significant variations in 
most major and trace elements were noted, and a summary of this variation is 
presented in TABLE 4-2. Lateral variation in these flows was impossible to 
studyowing to the lack of continuous exposure. 
Analyses, representing the different lava types are distributed as 
follows:- 	, ' 	• • 
Olivine basalt ' 	• ' 	• , 	 k 
Feldapar-phyric blivine basalt! 	 , 
'5 
Wt%H 1 2 '3 .4 '.5 67 
SW2 51.42 50.97 50.62 48.8o 1.46 53.35 54.01 
TiO2  1.76 1.97 1.48 ' 	 . 	 1.77 1.47 1.16 1.38 
2°3 19.30 
19.08 	. 16.58 18.03 17.93 15.22 15.10 
Fe203 . 	 2.99 2.63 3.77 3.96 7.20 2.1k . 3.98 
FeO . 5.62 '6.18 . 393 , 	 4.28 	' 2,01 4.56 3'39 
MnO 	. 0.14 0.15 0.22 0.23 0.12 0.43 0.30 
MgO . 	 4.09 3.84 6.87 4.74 4.13 .'7.42 3.34 
CaO 6.58 7.34 .8044 8102 6.94 6.81 6.37 
Na20 .3.k]. 3.44. 2.78 3.26 3.65 2.92 . 5,58 
K20 1.42 .: .1.06 1.12 0.82 1.36 0.76 2.61 
1320. 	. 1.62 2.09 1.64 1.72. 1.34 .1.98 1.18 
• 1.29 0.92 . 	 2.16 3.88 1.77 3.27 • 1.77 
0.17 . 0.34 : 	 0.26 0.34 0.21 0.67 
TOTAL 99. 85 99.84 9995 , 99.77 991P72 100.23 99.68. 
4.30 '341 4.22, 3.73 .5.95. 7.62 
C 0.71 .'• '•.- - 	 : - 
Or 8.66 6.47 6688 5.14 8.32 4.73 15694 
• 	Ab 29.76 30.06 24.46 .29.29 31.96 26.01 46.69 
An 	. ., 	32.26 .34458 30.63 34.12 29.52 • 27.56 8.73 
No ,, • : -, •: 1.14 
Di - ' 	 1.53 	. 8.36 	•• 5.00 	. 2.9? 5.25 15.33 
Hy 15.89 . 15.53 16.01 	• 12.39 	. • 	 9.27 '2243 - 
01 :•_ 	• .- , 	 .-..,.. -' •-',. 1.87 
Mgt 4.46 3.94 5.68 6.10 2.70 3.27 5.96 
- , 	 . 	 - - - 	 • 	 . 	 • 
• 	 5.59 - 
fl 345 -. 	3.86 2.92 . 	 3.57 2.89 - 2.32 2.71 	- 
Ap 	•, 0.51 o.42 0.84. 0.6 	• 0.83 0.52 0.64.. 

• 
Variance % of Total 
• .2 	 . 	
• Variance 
Si02 0,30 	. 10.2k 
203 	•• • 	• 0019 6.55 
FeO(T) 0.96 	• 32.76 
MnO * * 
)lgO 0.44 • 1541 
CaO 	• 	. '. 	096 	•" 32,76 
Na20 • 0.08 	. • • 2.73 




Feldepar-phyric' olivirie basalt 	 30 
Clinópyroxene-feld8par-phyric olivine basalt 	 5 
Olivine b&saltic-andesite 	 4 
Feldspar-phyric olivine basaltic-andesité 
• 	Clinopyroxene-feldspar-phyric olivine basaltic andésité l 
High K basaltic-andesite 	 1 
Orthopyroxene-phyric andesite 	 3 . 
High K andeaitö 	 6 
Dacite 	 0 	 5 
Intrusive Rocks 	 3 
4:2 	Maior Mement,Chemistry 	. 
14:2:1 Introduction 	 ... 
Graphical and tabular representation of variation in suites of lavas 
have frequently prove4 to be useful in detecting essential chemical variátión 
and frequency distribution. It should be pointed out that average analyses 
representing suites of lavas are of limited use, since averages only illus-
trate variation between groups, and take no account of variation within a 
group of lavae. As the classification adopted in this study relies heavily 
upon chemical limits, averages for. partióular groups of lavas are less 
meaningful, since a restraint hr already been placed on their chemistry. 
Graphical representation of variation by rneane 'of histograms and variation 
diagrams, and statistical analysis of variance have been used in this study 
to illustrate the chemical variations within the lava suite. 	, 	 0 
4:212/ 
4:2:2 Histograms 
• 	The major element chemical charaéteristics of the lavas of the Sidlaw 
Hills are illustrated by histograms in FIG k-i. These show that the suite 
rather basic in nature, though it should be noted that a. certain amount 
of bias is present owing to the multiple sampling of two flows in Bürnside 
Quarry referred to earlier. However, this sampling only accounts for a 
relatively small propOrtion of the basalts. 
Several important features are displayed in FIG k-i apart from the 
badic nature of the suite.' Attention is drawn to the high contents of 
Na20 and K20, and also the high alumina contents of the lavas, findings very 
much in agreement withthosO from analyses quoted by HARRY (1956, 1958), though 
that author draws little attntion to the contents of Na20, K20, and A1203. 
As 'noted in section 4ii, sampling was performed on the basis of freshness, 
and thus 'it 'is difficult to draw any firm conclusions regarding the distrib- 
• ution of element8. Hence too much emphasis should not be placed on the 
apparent bimodal distribution of silica with a possible gap between 59% and 
61% Si02. GUPPY and SABINE (1956) have tabulated analyses of lavas from the 
• Ochi]. Hills, which as noted'.'iri Chapter 1 ar6 related,to' the Sidlaw Hills by 
an anticlinal fold, and these analyses plot' within this silica range. Thus, 
it is unlikely that any significance could be attached to this apparent 
division,  
4:2:3 Variance Aneysie 
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with the graphical representation of their chemistry by histograms, shows 
that although the range in silica compositions is quite large (50-6), the 
bulk of the values fall within the range 50-56% Si02. However, a complete 
analysis of standard deviation and variance, presented in TABLE 4-3 shows that 
silica nevertheless makes the largest contribution towards the total variatón, 
namely 5'~~ .', This is in agreement with CHAYES (196k) who surveyed the variance 
and covariance of caic-alkaline basalt-andesite-dacite suites from the Circumn. 
Pacific volcanic belt. The range of contributions made ty silica to the total 
variance of these suites was found to be 37-76966 and was the dominant óontrib-
utor in each óase. 
Although SiO2  accounts for 
52% of' the total vriancé in this study, 5 
variables (5i02, CaO, MgO, A1 203 and FeO(T)). contribute nearly 95% towards 
the total variance of the suite of lavas from the Sidlaws. CHAYES (1960) has 
pointed out thati since componenta (variables) of. analyses are summed to 100%, 
this summation imposes a linear restraint which increases negative, but 
decreases posiiive' covariance. Since often only .a few variables contrIbute 
vastly towards the total variance, then those variables whose contribution 
is small may be ignored, as constant sum considerations have little effect 
upon their correlation. Thus reduction of the number of variables, in this 
case' to 5, can adequately define the, variation. However, according to CHAYES 
(1962) 9 by such a reduction, the cOrrelation' between the dominant variable, 
in this case Si02 , and the less dominant variables, in this case CaO, MgO, 
A1203 and FeO(T) are in some instances likely to be less than the values given 
in a correlation matrix computed for all variables. This can be illustrated 
by use of the following equation given  by CHA1] (1962). 
TABLE k-3 
Varia2lce analysis of all Sidlaw lavas (lávas not 
analysed for La and Ce have, been omitted) 
* =. insignificant 
Variance % of Total 
2 
o. Variance 
si02 8.29 51.78 
23 
0.94 5.87 
• 	0.06 0.37 
FeO(T) 1.46 9412 
MnO 	• .a 	• I 
MgO 	• • 	• 	1.85 	• 11.56 
CaO 2,66 16.62 
Na2O 0.25 1.56 
K20 0.50 3.12 
P205 
Ba •• * 
Sr •*• 
* 
Rb • 	 * 
• 	 * 
Zr • • 	
* 
Y 	• •• 	• 	* * 
Zn 	• * • 	* 
Cu * * 
La 	• * 
* 
Ce * 	• 
S 
Variable 1 is Si02 
Variables 'j 2-5 are CaO,. MgOq Al203  and FeO(T) 
Cr, 	standard deviation of dominant variable 	.' * 
° = mean of standard deviation 'of lesà dominant varab].es listed 'above 
= reduced number of variables' (= 5 in this case). 
Subàtitution in this 'equation gives a correlation coefficient:, of -0.59 
which is significantly different from the coefuicents between 802 and CaO, 
'MgO, A1203 and FeO(T) listed In the correlation matrix of TABLE kk, and can 
be attributed solely to the effect of the constant sum factor. Thus the 
correlation 'coefficentà computed in the correlation. matrix of TABLE 44 must 
be treated with slight reservations between, the variablesSi02 and CaO, MgO, 
Al 203 and FeO(T).  
4:2:4 Harker Variation Diagrams 
It was noted in the previous section on variance analysis that Si0 2 is the 
dominant contributor to the chemical variance in the suite of lavas from the 
Sidlaw Hills, and as such, it is an obvious choice as a simple 'index of varation/ 
differentiation. 	. 
Harker variation, diagrams of the'type commonly used in petrochemical studies 
have been constructed for the ].avaa, and are presented in FIG 4-2. It can be 
àeen from these variation diagrams that there is a somewhat scattered dLàtributIon 
for1'  
TABLE k-k (2 pages) 
Correlation Matrix for Sidlaw lavas - major 
and trace elements 
SiO2 	.1.90 
A1203 041 	1.00 
TiO2  -0.81 0.51 1.00 
FeO(T) -0.82 0.34 0.82 1.00 
ILInO -0.39 0.28 0.35 0.24 1.00 
MgO -0.49 -0.54 0.15 0.21 0.22 1.00 
CaO -0.70 0.25 0.51 0.45 0.15 0.48 1.00 
20 0.36 0.48 -0.12 .0.14 0.20 0.67 0.69 1.00 
K20 0.65 -0099 -0.50 -0.47 -0.3k -0.44 -0.81 0.42 1.00 
P205 -0.11 0.15 0.11 0,11 0.55 -0.17 -0.14 0.17 0.35 14,00 
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for most oxides. However, the following points should be noted from 
FIG 4-2: those oxides which coücentrate in ,olivine, clinopyroxene, baec 
plagioclase, and ore, all show negative correlation with silica. In 
general, CaO illustrates quite a strong depletion in the lava series, whilst 
FeO(Total) and MgO both show a fairly gentle depletion during evo,iution*. 
Al 203  remains at a constant level, though there is ,qtaite a lot of scattering 
of compositions in the basic ].avas. Na 20 and' K20 show enrichment during 
evolution ! though the Na20 content of the dacites is rather variable. The 
KO contents of two high-K lavas appear to be anomalusly high (' 5% K20).. 
In the case of P205, there appear to be two distinct populations of composi-
tion points. TiO2 
 remains at an. almost constant level in the basic lavas, 
though there' is substantial deletion in the dacites. 
FIG 4-3 ilustrátés the behaviour of total alkalis when plotted against 
8i02 0 Field boundaries, from KUNO (1969) separating tholejitic, calc-a].kalic, 
and alkalic lavás have been included. ñom this diagram, the lavas appear to 
be transitional betwéen calc.-alkaline, and alkaline. 
4:2:5 Correlation 'Coefficients 
caniinat'ion of TAE', it-k showS that the correlation coefficients between 
SiO2  and Na20, K2
O and P205 ar,e all positive indicating enrichment during 
evolution, though in the case of Na 20,' the enrichment is rather small. 
However, the correlation coefficients between Si0 2 andA1203, Ti02, FeO(Total), 
MnO,/  
* 
For present, purposes, it is taken as a convenient assumption that the 
lava series is evolutionary in nature and that the more basic rocks 
• 
	
	(rocks poor. in S102 and rich in MgO and CaO) broadly represent the 
parental material from which the other rocks (rich in SiO2 poor in 
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MnO, MgO and CaO are all negative and quite large apart from A1 203 
 which, 
even taking into account the constant sum factor referred to in section. 
11i2:3, indicate quite strong depletion during evolution. 
4:2:6 TheecoxnponentViariation Diagama 
Though construction of a complete series of 2-component Harker variation 
diagrams will yield a comprehensive picture of magmatic variation, it is often 
useful to construct triangular, variatiOn diagrams .to demonstrate additional 
variations not readily observable from Harker diagrams. FIG +-4 illustrates 
an IFMAO diagram for all .].avas of the Sidlaw Hills Superimposed onto. 
FIG 4.4 are compari'tive trenda from the caic-alkaline lavas of the Cascade 
province after CAR}1ICHA1L (1964), of.Japan after KUNO (1969) and the Scottish 
Caledonian igneous rocks after NOCKOLDS and ALLEN (1953),.  It is interesting 
to note that although there is. no . iron enrichment in the lavas when plotted 
against 2i02 (FIG 4.2), iron-enrichment is apparent in the basic lavas in the 
FMA plot of FIG k-k. This is. due to' the fact that during evolution of the 
lavas series of the Sidlaw Hills the MgO depletion is strong initially, and 
less apparent in later stages. Hence,, the FeO/MgO ratio will increase in the 
basalts but decrease relatively in the more evolved lavas, thus giving 
apparent iron-enrichment. It should be noted that the bulk of the 1aaa plot 
within the ca].c-alkaline field according to the field boundaries of KUNO 
(1969). ' 
In FIG 4..5, the lava compositions are plotted in terms of their 1(201 
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NOCKOLDS and ALLEN (1953) are superimposed onto the diagrams. The lavas 
closely follow the trends from the other provinces especially the Scottish 
Cledonian trend. The large variation in alkali content noted in FIG +-2 
is also apparent in the KNC plotAi of FIG k-. 
4:2:7' C.I.P.W. Norms 
It was noted in Chapter 2 that all the lavas from the Sidlaw Hills 
show some signs of alteration. The mean value 'of the natural oxidation 
ratioti, of the lava.a is 0.6001 compared with an average of 0.k23 for 1775 
Cenozoic andesites quoted by CHAYES (1969). This value of 0.423 is compar-
able with the freshest of the Sidlawlavás, though even this lava shows 
some alteration petrographically. Consequently, the natural oxidation 
ratios of the Sidlaw lavas have been adjusted to a value 0.3509 and the' 
calculated norms of the lavas with this oxidation ratio arepresented in 
Appendix (C). 
The following points should be noted, from the norms. 
The oversaturated nature (i.e. quartz normative) of many of the 
baaa].ts, and all of the more evolved rocks. This feature is 	 ' 
illustrated diagramatica].ly in FIG 4-6 where the lava compositions 
are plotted in terms of normative,olivine, diopside, and quartz in 
molecular percent. 	 ' 
Normative albite and orthoc].ase increase at the expense of normative 
anorthite during evolution, this being illustrated in FIG 1+_70 
Corundum is present in the norm of very few lavas; 'those general]. 
• 	showing anomalous alkali contents1 though corundum is ubiquitous in 







the norms of the dacites. CHAYES (1969) has noted that corundum normative 
ande5ites and dacites are fairly 'common in Cenozoic lavas of the Circum-
Pacific belt. 	 , 
: 3 	Trace Element Chethistxy 
k:3:l .Introductjon 
TAYLOR (1969) has stressed the'importance of trace element studies and' 
their application 'to problems of petrogenesie of caic-alkaline suites. The 
association of cal.c-alkaline rocks with orogeñic areas, and their possible 
derivation from the mantle have ètimulated much geochemical research in 
recent years.  
• Element behaviour in liquids i5 :contoI1éd by several proceases, and 
important one of which is .the stability of mineral phases under va'ious 
conditions, such as 'temperature and pressure. The rejeôtion of elements by 
certain mineral phases. wider specific "temperature/pressure environments gives 
rise to concentrations of those elements in the liqui4, and thus provides 
clues to the effeOts of fractionation of mineral phaseB. Those elements 
• which are rejected bymafic mineral phases such as olivine and clinopyroxene 
have been' termed "incompatible elements" by GREEN andRINGWOOD (1967) • These 
incompatible elements' include Ba, Rb, Sr, 1 9 etc., i.e. 'those elements which 
are rejected by most ininerala. until late stages of fractionation. 
• 	No previous research 'has been undertaken on' the trace element concentra- 
• tions in the lavas of the Sidlaw 4].18, and in this study, suitable trace 
elements have been investigated to detect the role played by fractionation 
of olivine, plaEioclase, and minor clinopyroxene. 
73 
4 :3:2 Histograms 
The distributions of trace elements in the lavas of the Sidlaw Hills 
are shown In FIG 4-8. In section 4:2:2 it was noted that the Sidlaw lavas: 
were rich in Na20 and 1(20.  Trace elements associated with Na20 and 1(20 
sImilarly shoii high levels, and are notably higher thá. the averages for 
caic-alkaline lavas quoted by TAYLOR (1969). Though most of the trace 
element cbncentrationa in the Sidlaw lavas are higher than TAYLOR!S 
averages,f too much ómphasis should not be placed on the differeces sInce 
different analytical techniques for the trace elements have been used. 
4:3:3 Variation diWMams 
The trace e1emert variatIon in the lavas of the Sidlaw Hills Is shown 
in FIG +-9, and as with the major element Harker variation diagrams, Si0 2 
has beenused as an index of magmatic variation. The behavIour of each 
• trace element will be described separately following the suggestions of 
TAYLOR (1965). 
Barium: Owing to the ionic radius of Ba, this element substitutes only 
for K among common cationa, and concentrates especially in Kfe1dspar. 
In the lâaa, the Ba content increases with evolution, though concentrations 
are quite variable. 
Strontium: TAYLOR" (1965) has noted that Sr will enter p1agioclase, and 
thus this element should be a useful indicator of ,1ag1oc1ase fractànation. 
The lavaa in general show a steady depletion in Sr with evolution, though 
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• 	. high CaO contents, considering their Si02 content, and this is accompanied 
by high Sr. 
Rubidium: This. element is very sinijiar in size and chemical character 
to potassium, and as such it is excluddd from mafic rüinaral phases such as 
olivine and clinopyroxene. In the Sidlaw laváa, rubidium showa a áteady 
increase in concentration with evolution. TAYIOR (1965) has shown that the 
K/Rb ratio is often 	useful clue to fractionation of a suite of rocks. 
According to GAST (1965) the. K/Rb.ratio in many common rocks is constant 
(- 300), though there is wide variation in some oceanic tholeiites. In 
the Sidlaw lavas, there is a slight decrease, in the K/Rb ratio with 
evolution as shown in FIG k-ic. The preferential removal of K in the dacites 
by alkali fe1dpar will lower the K/Rb ratio. The occasional high values 
Of the K/Rb ratio in a fewof the Sid aw báàaltsis likely to be a funötion of 
• the rather low Rb content in thoee lavas. 
Zirconium: Common rock forrüing minerals do not readily accept zirconium 
into their structure due toits'ioxic'aize, and hence during evolution the 
• concentration of zirconium is likely to increase. Inthe Sidlatr lavas, thero 
is evidence of concentration, though the cloudiness, of the distribution makes 
it difficult to assess the full behaviour of ziróonium. 
Ytt)'ium: TAYLOR (1965) noted that although Y was close in size to Ca2 , it 
• only substituted for Ca 2 to any extent in, apatite. Thus Y contents of 
lavas should give clues to the effects of apatite fractionation. Duiing 
evolution of the Sidlaw lavas, Y shows a gradual increase in content until 
the high-K andesites, at which point apatite microphenocrysts occur. The.Y 3 
concentration decreases from the high-K ande3ites to the dacites. 
Zinc: This element has a rather random distribution in the Sidlaw lavas, 
though/ 	• 
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though therein possibly an increase with evolution. According to TAYLOR 
(1965), zinc concentration is usually controlled by a suiphide phase, and 
TAUSON and KRAVCHENKO (1956) have pointed out that znc is often present 
in plagioclase, usually as small grains of sphalerite. 
Copper: Copper enter6 many rock forming minerals, substituting for sodium 
in plagioclase, Ca in apatite and Fe 2 in olivines and pyroxenes. Thus its 
contents in laliaa are likely to be variable. This variability is shown in 
the Sidlaw lavas, though there is slight depletion during evolution. 
Laxithan: The concentration of this element, in the Sidlaw lavas is notably 
higher than the average values, quoted by TAYLOR (1969). Though the 
distribution of Lain the Sidlaw lavas is variable, its concentration does 
increase with evOlution. 
Cerium; The distribution ofcerium c1oely parallels that of Lanthanum, 
though there is slightly les8 variab1ity in its concentrations. Once again 
Ce is enriched in the Sidlaw lavas compared with the average of TAYLOR (1969). 
Ncke1: Though onlr selected ,1avs' have been 'analysed for Ni, it is clear 
• from FIG -.9 that the transition from basalt to basaltic andesite 'is' 
accompanied by , strong depletion of Ni which. then maintains, an almost constant 
low value in the more 'evolved lavas..The affeOt of deuteric alteration 
of the olivine on the Ni content of. the lávas is unknown. 
Chromiuñ: This element has an almost identical distribution pattern to Ni, 
with high chromium contents in the basalts and strong depletion during 
evolution. 	. 	 . 
Vanadium: There is a steady depletion of vanadium 'in the lavas which 
probably reflects the minor role of ore fractionation. 
k :3; Lf/ 
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4:3: 4 Multiple Component Variation Diagrams 
To assess the variation of all trace-elements and to detect varieties' 
of trace element 'distributions, factor analysis has been employed following 
the method of PRINZ (1967). Each trace element is treated asa variable, 
and comparison is made between all variables. Only those lavas with 
analyses of Ba Sii Rb, Si',, Y, Zn Cu, Cr, Ni, and V have been used to 
obtain a full picture of the variatjon. A description of the method employed 
can -b6 found in Appendix C.. The trace elements are related to four end 
members which are dominated by Si', Cr (and Ni), Ba (wIth V and Zr) and V 
(with Ba and Zr). Thus each whole rock composition can be plotted as a 
point in a tetrahedron, but following PRINZ (1967), the analytical points are 
projected onto two faces of that tetrahedron, thus allowing comparisons with 
other suites. FIG k-U illustrates the trace element variation of the Sidlaw 
lavas in terms of the 1+ end members listed above, and for comparison, trends 
for other caic-aikaline lavas have been superimposed. 
Inspection 'of FIG 4-3.1 shows that the variation of all the trace elements 
considered together supports the individual variations shown in FIG 4-9 with 
depletion of elements having basic affinities during evolution, and enrichment 
in those elements not accepted into mafic mineral phases. 
Chemistry of the Intrusive RoOka 	: 
Three samples of intrusive rocks from Knapp Quarry (see location map), 
Mlii, M112 9  and Milk have been. analysed for major and trace elements (see 
Appendix (C)). 	, 
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having high alumina and high alkali contents and are oversaturated with 
quartz in the norm. Their trace element chemistry èimilarly corresponds 
closely to the lavas of similar silica content. 
The striking mineralogy of the segregation vein (Nl]Jf) is born out 
in its chemistry, with high contents of silica and K.O. The trace element 
chemistry similarly ahows large concentrations of those elements enriched by 
fractionation, naniely,Ba, Rb, Zr, La, andCe. 
:5. Variation of Lava Chemistry with height in the sequence 
• 	The lack ofcontinuous vertical exposure in the lava sequence of the 
Sidlaw Hills makes any deductions on the chemiàal variation of the lavas with 
height 8omewhat speculative. However, by considering the lava units (i.ei 
series of flows 1 each series being separated by a sedimentary horizon) as a 
whole, a reasonably complete pIcture of the chemical varIation can be obtained. 
FIG -12 illustrates the chemical variation of the lavas with height using 
Si02 as an index, of magmatic variation. It is apparent from FIG 4-12 thai the 
more evolved lavas occur near the middle of the exposed sequence, and the 
moat. basic at the top.. 	. 	• 
46 Comparison with other calc-alkaline lava suites 
In general,, basaltic lavas are subordinate in occurrenôe to andesitea 
and rhyolites in calc-Slkaline provinces throughout the world, and although 
the lava sequence in the Sidlaw Hills is rather basic, the Lower Old Red 
Sandstone lava province in Scotland as a whole contains àomposi'tiàns from 












52 53 54 55 56 57 58 59 60 61 62 63 64 65 
% Si02 
81: 
• 	basalt to rhyolite." 
• Chemically, the Sidi.aw ].ávas have higher contents of alkali elements' 
and slightly higher A1 203  contents when compared witl3 Circum-Pacific 
• 	calcalkaline lavas of the same Si0 2 content, though in the case of A1 203 , 
considerable variation is present. The Sidlaw lavas have enrichment 
factors of about 1.5 for Na20 and k for K20 in comparison to averagc 
analyses of Circum-Pacific and West I4ian calc'-a11aline lavas with the 
same SiO2 
 óont'ent quoted by TAYLOR  (1969) and BAKER  (1968)  respectively. 
Trace elements associated with K 20 confirm this enrichment. However'j LARSEN 
and CROSS  (1956) 'JAKES and SMITH (1971) and TAYLOR (1969) have reported 
high-K ca].c-alkaline andesites from North America and Indonesia with potassium 
contents similar or slightly, higher than in the Sidlaw andesites4 	should 
be pointed out that these high-K lavas from North America and Indonesia 
contain amphibole phenocryats which are apparently absent from the Sidlawe. 
• 
	
	' There appears to be no direct equivalent of' the lavas of the Sidlaw 
Bills in modern calc-alka]J.ne lava suites, though they show typical caic-
alkaline characteristics in the Sidlaw lavas such as 'high alumina contents, 
silica saturation in the norm, and lack of iron enrichment. 
:7 Summary 	 0 
The lavas of the Sidlaw Hills can be described as calc-alkaline with 
higher potash contents than averages of modern lavas quoted by TAYLOR  (1969). 
Many of the basalts, and all of the more evolved lavás are silica sturated 




Introduction. 	 S 
Having described the general features of the chemistry of the Sidlaw lavas, 
the following discussion is concerned with constructIon of plausible fraction-
atión models to explain the chemical variation. 
5:2 	fractionation Models 
5:2:1 Major '1ements 	 ... 
From the variation diagrams of FIG k-2,it an be sOen that there is 
depletion of MgO, CaO, FeO(T), A1 203 and Ti02 and enrichment in Na20 and 
K20 as SiO2 
 increaseS, and it is suggeáted that fractionation Of olivine, 
plagioclase, ilmenitO, and possibly clinopyroxene may have given rise to the 
observed sequence, 	
.. 	
.: 	 . 
To test hypotheses of fractionation, it is initially simpler to consider 
those ].avas which show no signs of cuirnilu8 enrióhnient since they are more 
likely to represent liquid compositions. The distinction between cumulus 
enriched and non-cumulus enriched lavaa has been made solely on the phenocr.yst 
content of the lavas; les8 . than % modal phenócrysts present being used to 
indicate non-cumulus enriched. lavas. 	 S 
Harker variation diagrams have been constructed for the selected 
phenocryst-poor ].avaa (FIG 5-1). It is clear from these diagrams that there 
FIG. 5-1 
Variation/extract diagram for phenocryst-poor 
lavas (major elements) 
Olivine 
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is a fairly close correlation between most oxides and silica 1 and since 
the phenocryst assemblage in the basic lavas is in general olivine +, 
plagiOcla8e + rare ilmenite, the composition points of these minerals have 
been added to each diagram. Olivirte and ilmenite compositions are taken 
from DEER1 HOWIE and ZUSSMAN (1963)9 the olivine selected being Fo70 (see 
Chapter 3). The plagioclase composition used iethat of the most basic 
plagioclase phenocryats from the Sidlaw lavas. The back projection of the 
TiC2 vs SiC2  trend into the three-phase 'triangle , gives the probable amount 
of ilmenite in the extract as about 3%. Superimposing this value on the 
remaining 3-phase triangles suggest that extraction of oliviné, plagioclase, 
and ilrnenite in the ratio 27 4.70 403 from the most basic lava composition and/ 
or addition of these phases to more siliceous compositions could approxi -
mately explain the observed trends. This 'ratio co±responds fairly closely 
to the calculated average olivine:plagioclaae:ilzfloflite phenocryst ratio from 
the modal percentages of 31+':66: trace. The model thus appears , to be a simple 
crystal fractionatión/aCCUmUlatiOfl model.  
To assessthis fractionation model in more detail, groundmass (and hence 
approximate liquid) compositions have been calculated for áelected basic 
lavas and are presented in Appendix (C). FIG 5-2 illustrates the liquid-whole 
rock tie lines in Harker variation diagrams'. If processes of crystal fraction-
ation or accumulation have operated then the liquid-whole rock tielines 
should plot along the whole rock trends. From FIG 5-2 it can be seen that 
in general the 'tie lines show the expected behaviour, though no special 
significance can be attached to it in the Na20, K20, and P205 diagrams since 
it is conditioned by the position of the phenocryat triangles relative to the 
whole-rock trends. The sOattering of direction in the other diagrams can be 
accounted! 
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accounted for by assuming that -in the individual specimens. examined the 
olivine-p].agioclase phenocryst ratio fluctuates randomly on either side 
of the average. Th±s is probably a x'eflection of relatively small scale 
inhomogeneity in the samples or in the flows sampled. It may well for 
example be significant that the three samples (A, B. C in FIG 5-2) from 
a single flow show an average tie-line direction which is alon.g the whole-
rook trend though individual samples deviate, from this. 
FIG 5-3 illustrates all the analyse4 Sidlaw lavas, and shows that the 
phenocryst rocks in €ezieral follow the same trend as the phenocryst-poor. 
1 0ros3...trendt Scattez 
From the liquid-whole rock variation diagrams of FIG 5-2 it is apparent 
that the generation of some lavas. from others by olivine + plagioclase + 
ilmenite fractionatIon is impossible (e.g, generation of D from E). Thus 
it is concluded that even the most basic Sidlaw 'lavaa must have been derived 
from a variable range Of immediately parental and more basic magmas. The 
parental magmas must have had 'a substantial range 'of Si02  (± 2%), MgO 
CaO (± 5%) and K20 (± 0.4%) contents. Note that it is this feature which 
accounts for the apparent "repetition" of phenocryst assemblages noted in 
Chapter 2. Here the rocks were clas8ified initially on the, basis of their 
SiO2 
 contents and it is clear that this parameter alone is insufficient to 
produce simple relationships between phenocryst assemblage and rock name. 
For example lavas carrying only olivine phenocrysts are found both in the 
basaltic grOup (Si02 < 53%) and amongst basaltic-andesites (SiO2 	• 
In this latter group,, however, such assemblages are found only in highly 
magnésian rocks.  
5:2:2 Trace aementsJ  
FIG.. 5-3 
Comparison between phenocryst rich and phonocryst poor lava 
trends 
• Phenocryst poor lavas 
r' Trend of alilavas _, 
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5:2:2 Trace Elements 
i FIG 5- illustrates the trace element variation diagram on which 
are superimposed the three mineral composition points used in FIG 5-1. 
Though more uncertainty exists in the trace element contents of the minerals, 
it is clear that a fractionation model as envisaged above could account 
for the trace element variation in the Lavas. 
5:3 Cumulus Enrichment 
In section 5:2, it was considered that those lavas with> 5% modal phenoc'yate 
were probably cumulus enriched. The following discussion examines the possible 
chemical effects of cumulus enrichment. FIG 5-5 illustrates the proposed cumulus 
enriched and non-cumulus enriched lavas, and shows that cumulus enrichment has 
a somewhat random effect On the basic lavas. Plágioc].ase accumulation is likely 
to have increased Al203  and CaO càntents and decreased MgO and FeO compared with 
non-cumulus enriched lavas with the same silica percentage. Olivine accumulation 
would have the opposite effect. In FIG 5-6, the trace element relationships of 
phenooryst rich and phenocryst poor rOok6 are shown. The cumulus enriched basalts 
have higher Sr contents than the non-cumulus enriche4 basalta, which may well 
reflect plagioclase accumulation. 
5:4 The role of clinopyroxene in Fractionation Models 
As noted in Chapter 2 9 clinopyroxene phenocrysts occur infrequently in 
the Sdlaw lavas and it has been suggested that clinopyroxene may be the third 
phaSe to appear in the crystauisation scheme. Fractionation of clinopyroxefle 
alone/ 
92 
Variation/extract diagram for phenocryst poor lavas (trace elements) 
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01 ,oSiO2 
alone will not explain the variation in lava chemistry, but when it is 
considered in'combination with olivine, plagioc].aae and ilmerite, 'it is 
possible that the magmatic trends could be accounted for. However, the 
amount of cinopyroxene in the non-cumulus 'enriched lavas is very small and 
it occurs in only one lava.. Thus, it is concluded that if clinopyroxene, 
had fractionated, it was, of minor importance. 
5:5 Summary 
It is considered that fractionation of olivine, 'plagioclase and ilmenite 
(with possible minor clinopyróxene) could satisfactorily account for the 
chernicalvariation in the non-cumulus enriched lavas, and that thesoatter in 
the whole rock variation diagrams is a function of:- 
Slightvariabiiity in the cumulus enrichment process. Some samples 
have more than average contents of plagioclase whilst others have more 
than average contents of olivine phenocrysts. 
Wide range of immediately paental magmas. 
It is important to note that' the present data do not disprove the simple 
straightforward Low Pressure 'crystal fractionation/accumulation model. 
Other models, for example involving amphibole fractionation have been 




EXPERIMENTAL MELTING DATA 
6:1 Introduóton 
In Chapter 5 t it was suggested that the fractionation of ólivinë 
plagioclase and ilmenite could explain the observed chemical variation in 
the Sidlaw lavas In this Chapter 'the possible pressure regime in which 
this fractionation tOok place is discussed with, reference to 'melting data 
for selected lavas from the $Idlaw Hills.  
6:2 	Me1tin Studies 
6:2:1 Introduction 
The .problen of basalt-magma genesis have led petrologists to consider 
the implications of phase equilibria studies on silicate systems. Though 
simple silicate melting studies have provided a foundation on which to base 
theOries of magma evolution, these silicate aystems suffer from the drawback 
of lacking many  important constituents ;of natural rocks 
How . everi attempts were made by BOWEN. (191k 1928) to relate the pha5e 
relations in more complex synthetic systems  such as CaNgSi2O6 MgSiO - 
• CaA1208 SiO
2 
 to the features observed in basic igneous rocks, though it 
can be soeü from this system that only k manor' oxides are included. As more 
Oxides are added to synthetic systems deductions concerning the phase relations' 




Experimental melting studies on natural basalts have aided greatly in 
understanding phase relations, and crystallisation behaviour, within this, 
complex multi-component basaltic system. The basaltic compositions used in 
most of these melting experiments by YODER and TILLEY (1962), TILLEY, YODER 
and SCHAIRER (1963, 1964, 1965, 1966) were tholeiitic basalts from' Hawaii, 
Japan, and Iceland, though a high alumina basalt from Medicine Lèke, in the 
United States, and high-alumina baaalt, basaltic andesite, and hypersthene 
andesite lava from Paricutin in Mexico have also been studied. 
Recently BROWN and SCHAIRER (1967, 1971),reported the melting relations 
of a series of ôalc-alkaline lavas from the Solomon Islands, and the West 
Indies. It is clear from these studies on natural 3.avas, that 'phase relation-
ships determined are more valid' than for synthetic "simple" systems, though 
synthetic atudie5 are still of considerable value in defining probable phase 
equilibria. 
Ten lavas from the Sidlaw Hills, ranging from olivine basalt to bypersthene 
andesite were selected fo' rnelting experiments 'at I atmosphere pressure, and 
the techniques employed are presented in 'Appendix (B). Experimental 'run data 
are presented in Appendix (B)'. All analyses of lavas from the Sid].awa have 
been recalculated with al]. iron as FeO, since the conditions under which 
melting was conducted were totally réducéd.. 
6:3 Atmospheric Pressure Studies 
The chemical compositions and the C.I.P.W. norma of the Sidlaw lavas 
used.in melting experiments' are presented inTABLE 6-1 and TABLE '6-2 
respectively. Since these analyses have been recalculated with all Fe as 
FeO,/ 

M20 M24 !432 	. 143+ M39 M44 M61 M87 M96 
Si02 54.65 52.18 50.11 51.63 53.26 5.69 51.72 55.18 52.48 56.69 
Ti02 1660 1659 1.53 1,66 1467 173 11.64 132 1430 1.09 
All 203 18.03 16,19 15.97 18.64 17.78 18.89 18.32 16446 17.15 15.42 
FeO 7.79 7.67 8.11 9.14 10613 792 8.15 6.21 7.08 6.18 
MnO 0,12 0415 0.18 0.11 0.08 0.34 0.17 0607 0419 0.11 
MgO 3k2 6.07 7.34 4.44 2.72 5.30 3,43 5.49 5,80 7.23 
CaO 6.43 8630 . 	 8.50 .6699 7,01 5.21 7.28 6.80 9.10 615 
4.43 3.40 3,24 4.13+ 4.17 4,90 4.64 3.65 31.30 3661 
1(20 1.70 1.62 1.04 1.53 1.46 1.42 1,48 1,88 o.8 1.84 
H20 1.52 2.29 3.03 1.30 .. 0.74 2.85 	. 1.33 1.49 2.00 1,08 
P205 0.33 0.47 0.32 . 	 0.34 0.34 0634 0.34 0433 0.24 0.25 
TOTAL 100.02 99.93 99.37 99.92 99.36 99.59 98.50 98488 99.49 99465 
FeO . . 	 . 
0.695 06558 0.525 0.673 -0-788 0.599 06704 0.531 0.550 o.461 
FeO+MgO . . 	 . . 
99 
10. 1420 1424 1432 1434 1439 1444 1461 1487 1496 
Q - - - - - - - 2.60 0.52 2.82 
Co.65. . - 	 - - - - 
Or 10.20 9.80 6.38 9.17 8.75 8.67 9.00. 11.40 5.15 11.03 
Ab 33.05 29.46 28.45 35.51 35.77 42.38 40.37 31.71 28.64 30.99 
An 24.66 24.71 26.94 28014 25.84 24042 25651 23.59 30.23 20.73 
0.25 0,01 - - - 
Di .4.63 11.74 11.98. 3.98 6,10 7.86 - 	 7.22 11.87 6.95 
Ely 18,39 15.50 12.05 6.37 	- 18.12 -- -, 20.11 	- 20.48 :. 24.79 
0]. - 4.6 10.40 12.82 1.39 19.39 13.22 - - - 
Urn 3.08 	. - 	 3.09 3.02 	: 3.20 3.22 3.40 3.20 2,57 2.53 2,10 
Ap 0.79 1.14 0.79 - 	 0.82 0.82 0.83 0.83 0980 0.58 - : 0.60 
- 	 D.I ,48.44 39.26 - 34.83 44.68 44.52 51.3]. 49.39 ks.'i 34.31 44.84 
FeO, two lavas 14399 and 1414 are slightly nepheline normative. The remaining 
lavas are either o1i'rine-.hypersthene or quartz-hypersthene normative. 
The liquidus phase, the order of appearance of thineràl phases and their 
• 	
approximate temperatures of appearance are given 'in TABLE 6-3. Oli'vine :is 
the liquidus phase in only two làvae, both of which can be described as 
olivine basalta and contain only olivine as phenocrysta. Clinopyroxene was 
the third phase to crystallisein '8 of the lavas and was not foundinthe 
• lowest temperature runs for the other two. The order of appearance of. 'dm0- 
pyrOXöfle is in agreement with 'the data on high-alumina basalt of YODER and 
TILLEY (1962). Since the phases crystallising in the melting expeimeñts on 
the lavas from the Sidlaw Hills correspond closely with thir pOtrographr 
in the case of olivine and plagioclase, and occasionally in he case of clino-
pyroxene it is likely that the observed phenocrysts in the lavas have a low 
• 
	
	pressure origin, and tht in most cases 'the lavas were erupted before the 
incoming temperature of clinopyroxene was reached. 
FIG 6-.1 illustrates the lack of rational relationship between iron 
enrichment and liquidus temperature. However, a linear trend should not 
necessarily result in this diagrm as different ].iquidus phases occur, and 
more than one, phase is causing fraótionation. Superimposed on to this diagram 
is the liquidus temperature -iron enriOhrnent 'trend of continental margin 
calc-ai.kalino series from YODER (1969), TILLEY, YODER and SCHAIRER (1966) 
and it can be seen that in general the liquidus ' temperatures for a given 
FeO/FeO +, MgO ratio are the same value for both the Sid].aw lavas and the 
temperature Of appearance of p].agioclase as a liquidus pbaa& in the Sidlaw 
lavas corresponds closely to the continental margin cale-alkaline series. 
The change of liquidus phase in caic-alkaline lavas has been discussed 
101 
• 	SANPLE 	• HIGHEST TEMPERATURE OF CRYSTAL 1ISATION OF PHASES  
mi PL(3-1900), OL(1150° ), CPx(11050) 	•. 
M20 PL(11900), OL(U90° ), CPX(U50° ) 
M24 12250), PL(11909 ), CPX(11500 ) 
1432 PL(11900), 0L(3-l70° ), CPX(1105° ) 
1431+ PL(11900 ), OL(1130° ) 
M39 PL(U90°), oL(11500 ), CPX(11500 ) 
• 	W44 	• • 	p11(121o° ),:oL(1150° ), cPx(11300 ) 
1461 PL(1190° ), oL(11900 ), CPX(1150° ) 
1487 PL(12100 ), OL(1190° ), CPX(1150° ) 
1496 oPx( 12000) 
° Temperatures ± 10C 
P = plagioclace liquidus 
0' = Olivine 1iquidiis 	 ' 
Superimposed trend from YODER  (1969) 

















by YODER (1969), who concluded that the preèence of water in the lava delayed 
the, incoming of plagioclase. . This conclusion is particularly important when 
con8idering the behaviour of M20 (Bee TABLE '6-i) which 	modal o].ivine 
phenocrysts only, but has both o].ivine and plagiocláse on the. liquidue at 
1190
0
C. The presence of modal olivine phenocrysts only, and plagiocla8e co-
existing with olivinS on the. liquidus in this lava suggests that oliviiie is 
the true liquidue phase at the point of' origin, and that substantial amounts 
of water may have been present during, the crystSllisation of M20 on its way 
to the surface..  
The relatiànship between the temperature of appearance of oliviné either 
as liquidus phase or 'second' phase to brystallise . and the MgO content Of the 
lavas is shown in FIG 6-24 
6:1+ Eaevated Pressure Studios 	' •.' . , . 
From TABLE. 6-3 it on be seen that the. liquidus temperatures of the 
lavas of the Sidlaw Hills 'at 1 atmosphere pressure are all greater than 
1190°C, a value which is considerably higher than ' that observed in nature 
for caic-alkaline lavás from Paricutin (1080 0c) reported by FOSHAG and 
G0NZALES 195+). BROWN and SCHAIRER (19671 1971) have reported reduction 
of the liquidus temperature of ca1c-alkaline lavas from St. Kitta, and 
St. Lucia'in the West Indies by as much as 2000C by melting of the 'lavas 
under hydrothermal conditions at 2 kb water pressure.. The liquidus temp- 
erature found under the higher pzèssure conditions were in the range 10100 
1050°, values very much in agreement with FOSHAG and GONZALES (195+),. 
'Preliminary runs at 2 kb water pressure have been' made on the Sidlaw 
lavas/  

















• 	. 105. 
lávas M2 and M39 (see TAJE 6-1), and the results are given In TABLE 64. 
Several, important points emerge from this study. The liquidus temperatures 
are reduced considerably, and it can be seen that in the 'case of 1439, the 
'liquidus has not been reached even at 1000 9C. The 'suppression of the temp-
eratzre of crystaflisation of piagioclace in 1424 is in agreement with the 
data of YODER and TILLEY (1962) for high alumina basalt.: Buffering of runs 
was achieved by usiiig a mixture,of WUstite,44agnetito, and a descriptionof 
techniques is presented in Appendix (B)i The experimental run data is 
tabuli ted in Appendi* (:B)..  
6:5  
The close correspondence between the observed phenocryat assemblages and 
the order of appearance of phases in the melting experiments at 1 atmosphere 
preasure suggest that fractionation in, the Sidlaw lavas was a low pressure 
phenomenon, and probably, took place in the presence of water. The importance 
of olivino-plagioclase fractionation and .thé relative unimportance of clino-
pyroxeno fractionation (see Chapter 5) is confizmed. ' 	' 

PHASES RECORDED 
M24 	ilk? LIQUID 
1098 LIQUID + OLIVINE + SPINEL 
10+7 LIQUID + OLI VINE + CLINOPYROXENE 
1000 LIQUID + OLIVINE + CLINOPYROXENE + PLAGIOCLASE 








GENERAL ASPECTS OF PEROGENESIS 
• 7:1 Introduôtion 
Pétrologists have for many. years been aware of the. problems aasociated 
with the genesis of calà-alka]..ino magmas, and many theories have been 
• proposed for their origin. Before the. advent of extensive phase-equilibria 
and melting studies,. theories on the origin of ca].c-alkaline magmas could be 
grouped into three main categories, which have been outlined by BEST (1969). 
These are listed below. 
Mixing of Magmas: 
• 	 This theory was proposed by LARSEN et. ai. (1938) to explain the 
formation of the lavas of the San Juan volcanic province. Howe!er, the 
mechanism of magma;inixiflg is unlikely to be of importance since Strontium 
isotope data, :and trace element data in general suggest mantle derivation 
of caic-alkaline magmas, and preclude the possibility of mixing of 
Crustal Anatexis: 
The hypothesis of anatexis in the formation of caic-alkaline magmas' 
suffers from, several drawbacks. Partial mltip of crustál material is 
likely to produce moderately siliceous liquids and would fail 'to 
provide sufficient basaltic material. BEST (1969) has pointed out that 
• 
	
	the order of 'emplacement of plutonic ca].c-alkaline rocks is the reverse 
from that which woul4 be expected if anatexis had operated. Strontium 
isotope! 	• , 	 • 
isotope studies by TAYLOR and WHITE (1965) and TAYLOR (1969) indicate 
a mantle origin for the calc-alkaline magmas. TAYLOR (1969) has 
shown that trace element data, and geophysical data do not support 
theories of anatexis. 
3) Assimilation of Crustal Material: 
As with anatexis, isotopic and trace element studies by TAYLOR 
(1969), do not support theories of assimilation proposed by HOLMES 
(1932) and TURNER and VERHOOGEN (1960). 
Studies on synthetic compositions and systems, and more recently on 
natural compositions, have provided much needed information relating to 
the geneeis of calc-alkaline magmas. Consequently numerous hypotheses 
concerned with the origin of caic-alkalirie magmas have produced, many of 
which propose a mantle origin. O'HARA (19659 1968), Y9DER (1965 9 1966 9 
1969), and KUSEIRO (1972)  have shown that the initial partial melting products 
pf Upper Mantle Peridotite under water saturated conditions up to 25 kb 
are quartz normative and rich in alumina. With increasing degrees of partial 
melting, or with gradual loss of water, the liquid in equilibrium with the 
peridotite changes its composition and becomes less silicic. 
OSBORN (19599  1962) proposed derivation of the calc-alkaline lava 
series by fractional crystallisation of high-4lumina basalt under hydrous 
Conditions and a high partial pressure of oxygen. CSBORN has shown from 
work on the MgO-FeO-Fo203-Si02 that if a magma crystallises as a closed 
system, the reaidal liquids will become strongly enriched in, iron, and the 
partial pressure of oxygen will drop. If, however, the partial pressure of 
oxygen is buffered, magnetite precipitation will result, leaving a residual 
liquid depleted in iron, and more akin to ca].c-alkaline liquids. The above 
k-component! 
no- 
k-component system investigated by OSBORN (1959, 1962) suffered from lack of 
basaltic components, though by the addition of CaO and A1203, and later 
Na20 9 OSBORN (1969) achieved more appropriate results. fractional crystal. 
lisation of olivine, plagioc].aae, ainopyroxene, and inagnetite from an 
ollvine basalt with concomitant gain of water and lose of hydrogen from the 
system,. could produce andesitic liquids (Osborn pars. Comm,). However, the 
general hypothesis is not supported on geochemical grounds by TAYLOR (1969). 
Similarly, there is no geophysical evidence from regions of cab-alkaline 
volcanism which supports large scale precipitation of magnetite. 
GREEN and RINGWOOD (1966) have suggested a quartz eclogite parental 
material for calc-alkaline magmas and argued that partial melting of the 
quartz eclogite at pressures of about 30 kb might produce a d17 andesite 
More recently, JAKES and SMITH (1970) propoéd partial molting of mantle 
material in which a low melting-point mica phase was involved, coupled with 
fractionation of hydrous minerals such as amphibole and mica to explain the 
evolution of the potassium-rich calc-alkaline lavas of New Guinea. 
The role of amphibole fractionation in the genesis of calc-alkaline 
wagma:s has been discussed by HOLLOWAY and BURNEAN (1972) who show a close 
correspondance between the composItions of experimental liquids and natural 
bornblende andesites, and conclude that derivation of evolved caic-alkaline 
lavas fron a tholeiitic basalt aa plausible rnechanism 
It i likely, that no single hypothesis will be sufficient to ezplain 
each cab-alkaline province owing to the considerable chemical variation 
between provinces. 
7:2 Genesis of the Sidlaw Lavaa/ 
7:2. Genesis of the Sj.dlaw Lavas 
TAYLOR (1969)  has pointed out that thlike alkali or tholeiitic ].avas, 
caic-alkaline lavas are not found in ocean basins or in shield volcanic 
regions, and hence, derivation of calc-a].káline magmas bya single process 
from the mantle is unlikely. TAYLOR also points' out that trace element' 
data on caic-alkaline magmas are consistent With a multiple stage derivation 
from the upper mantle, ' The contents, of Ni and Cr are very low in many of 
the basaltic 'andeoites and andesites from the Sidlaw Hills, though in the 
basalts, the concentrations of these elements are variable. As shown in 
Chapter Li, it is unlikely that removal of olivine and plagioclase from the. , 
most basic liquid could account for such a rapid depletion of Ni and Cr 
in the basalts,, and cause virtually no depletion in the range basaltic-
andes ite to dacite. This, according to the argument put forward by TAYLOR 
(1969), would tend to favour multiple stage derivation of the Sidiaw lavas 
from the upper mantle. 	,' 	 • 
• Production of silicic high alumi±ia liquids by hydrous partial melting' 
of upper mantle garnet lherzolite has been recognised by O'HARA (19659  1968), 
YODER (1969)9  and KUSHIRO (1972) as a possible mechonism for the generation 
of andesi tic and dacitic caic-alkaline lavas, and they all note that more 
basic liquids could be produced by either advanced partial molting or by 
loss of 12y.rus conditions. Thus it seems likely that in formation of 
aluminous basic liquids, the role of water content must be an important 
consideration. However l it was noted in Chapters 1 and 2 that the amount of 
water in the erupted magmas may not , have been' too large, since pyroclastic 
deposits and hydrous minerals are apparent.y absent from the Sidlaw lava 
sequence// 
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sequence., Consequently, theories of origin of the Sidlaw lavas by both 
dry and wet partial melting of upper mantle garnet lherzolite will be 
outlined. 	 S 
YODER (1969)  has demonstrated that under hydrous conditions, the 
initial partial melt product of a peridotite. (olivine + clinopyroxene + 
orthopyroxene) at 20 kb will be a liquid which if separated would crystalline 
as the assemblage clinopyroxene + orthopyroxene + quartz. YODER goes on to 
auggeSt that if this initial liquid was erupted,. a calc-aJ.kaj..ine andesite 
could result, though O'HARA (1965 9 1968) 9 YODER (1969),  and KUSHIRO (1972) 
have indicated that this liquid..would be siliceous, and likely to crystallise 
as andesite or dacite. Owing to the comparitive rarity of andesites and 
	
• 	dacites n the Sidlaw lava sequence, it is concluded that this process may 
• not have been of great importance in this area. 
Dry partial melting of a four phase garnet lherzolite at 20 kb and 
16400C has, been shown by YODER (1969) and KUSHIRO (1972) to yield a liquid 
which would crystaflise as olivine and sub-caloic augite, though if this 
liquid was erupted, it would most likely crystaflise as an olivine .tholeiite. 
Its normative olivine content would depend greatly on the degree of partial 
• 	.. melting which takeà place. O'HARA '(1968) has pointed out, that the first 
liquid produced by dry partial melting of upper mantle peridotite is likely 
to be .picritic and that olivine will fractionate on ascent of this picrite 
to produce an olivine tholeitte. This production of olivine tholeiite is 
accepted as a possible first stage in the formation of the Sidlaw lava 
sequence. 	•" 
KUSHIRO (1972)  has shown that fractionation of olivine and clinopyroxene 
from an olivine tholeiite will give rise ,to aluminous liquids under hydrous 
conditional  
ill 
conditions at 13-15 kb, and it is likely that this mechanism could operate 
at lower pre8sures YODER and DICKEY (1971) demonstrated that with increasing 
water pressure, the orthopyroxene primary phase volume diminishes at the 
expense of the clinopyroxene and plagioclase volumes, though the clino-
pyroxene volume does, expand to a certain extoüt relative to, plagioclase. 
Data on M24, the most basic lava composition in the Sidlaw sequence, shows 
that at 2 kb water pressure, the plagioclase liquidua is suppressed with 
clinopyroxene being the second rather than third phase to crytallisó. This 
feature has also been observed by YODER and TILLEY (196?). Thus, it is 
concluded that' water pressure 411 delay plagioclaao crystallisation. Deriv-
ation of high-alumina basalt from the olivine tholeiite by hydrous fraction-
ation of olivine and clinopyroxene is accepted. It was noted above that, 
formation of an divine tho1eite from the upper mantle required dry partial 
melting of garnet lherzolite. 'Upward migration of this olivine tho1iite 
liquid to a region where water may be able to control the fractionation is 
necessary. Such a zone where, water becomesan 'important accessory may. be  
the base of an orogen containing wet sediments or a region of deep faulting 
allowing entry of water into the system. 
The low water pressures envisaged above for the derivation of the high-
alumina basalt from the olivine tholeiite as a precursor to the low pressure 
differentiation of the Sid1aw sequence, tend to support the apparent lack 
of pyroclastic deposits and hydrous minerals. HOLLOWAY and BURNHAN (1972) 
and CAWThORN (pers. comm.) have demonstrated that amphibole Orystallisátion 
takes place at, fairly low water pressures, and thus it is concluded that if 
olivine tholei'ite is the immediately parentai magma of the Sidlaw lava 
sequence, derivation of high-alumina basalt from that parent took place at 
shallow/  
112 
aha].low depths possib1 less than 10 km0 
One of the most important considerations of any petrogenetic scheme is 
to teat whether the parent/daughter chemical relationships are valid. This 
can only be done in a most approximate way, but it is worthwhile to check 
that the idea is not totally implausible. For this purpose, major element 
data for a range of olivine tholeiites have been taken from TURNER and 
VERHOOGEN•(1960), MANSON (1967) and JANIESON and CLARKE (1970). The .cbemical 
composition of the high-alumina basalt has been taken from the most basic 
lava in the sequence from the Sidlaw Hills. FIG 7-1 shows the major element 
relationships between. the postulated oiivine tholèiite compositional range 
and the high-alumina basalt. Qlivine :'07&  and clinopyroxene (frOm Chapter 
composition points have been added to each variation diagram. It can be seen 
that extraction ofz.approximately kO% olivine' and .60% clinopyroxene from the 
olivine tholeiite compositions could account for the major element chemistry 
of the high-alumina basalt. Trace element.relationships have not been 
considered since the trace element contents of the Olivine, ,clinopyroxene, 
and olivine tholeiites are not known in detail. How the range of high-
alumina basalt liquids (5ee. Chapter '5) can be produced is not clear though 
fluctuating proportions of olivine and clinopyroxene could partially account 
for it. 
7:3 PetroRenetic Summaiy 
• The follOwing petrogenetic scheme is: envisaged as. a series, of possible 
mechanisms for production of the Sidlaw lava sequence. 
.i) Dry partial melting of upper mantle garnet .lhèrzolite to produce 
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picritic liquid.: 
• 	2) Upward migration of this picritic liquid viith cczeomitant loss of 
olivine to give x'ise to an olivine. tholeilte, 
3) Low to moderate pre8sure wet fractionation of olivine and clinopyroxene 
from the olivire tholélite giving a range of high alumina baaè.ltic 
liquids. 	 S 
14) Medium to low pressure fractionation of divine + plagioclase + 
ilrnenite + very minor dlinopyroxene from the high alumina basalts 
to give the observed lava 8equence of the Sidlaw Hills. 
116 
CHAPTER 8 
SIDLAW LAVAS IN RELATION TO PLATE TECTONICS . 
8:1 Introduction  
Though there is very little geophysical data connected with the origin 
of the Lower Old Red Sandstone lavas of Scotland, it is necessary to review 
the current theories on the geophysical evidnce related to caic-alkaline 
magma genesis in order to relate the Lower Old Red Sandstone volcanicity 
to the structural evolution of the Caledonides. 
In the last decade, attention, haÔ . • en paid to the possibility that 
andesite volcanism may be related to 'a zone of seismic, activity dipping 
towards the continents from a region on the continental side of a geosynclina]. 
trench. This zone of seismic activity was first recognised byBENi1OFF (1954) 9 
though only recently have the implications of its connection with andesite 
volóanslm been recognised. RAYLEIGH and LEE (1969),  amongst many others, 
have discussed the pc3sible relationships between ca].c-a].kaline volcanism 
and earthquake zones produced during aubduction of oceanic plate down a 
• Benioff zone.  
8:2' Evolution of the Caledonides 	' 	,•; 
• DEWEY and PANKHURST (1970),.  and DEWEY (1971) have outlined rnodóls for 
the evolution of the Scottieh Caledonides based on isotopic age patterns, 
and structural and stratigraphic relationships. The above authors concluded 
0 
	that! 	' 	. 	' ' 	' 	'•' 	, . 
That the presence of a northwards dipping Benioff zone beneath the Midland 
Valley of Scotland could explain the observed magniatic sequence in the 
area. The exact location of the trench where oceanic plate was consumed is 
in doubt, though DEWEY (1971) proposed a trench along the present northern 
boundary of the Southern Uplands. 
In contrast, FITTON and HUGHES (1970)  have suggested that a southerly 
dipping Benioff zone of Ordovician age could explain the evolution of the 
tholeiitic, calc-alkaline, and alkaliô volcanic suites of the Lake District 
and Wales, and propose that the trench should be located in the Mof fat 
region. By accepting the theories proposed above, it is tempting to conclude 
that the magmatic variation within the Ca].edonidea could be explained by two 
Benioff zones, a conlusion which would requfre the approach of two con-
tinental land masses with assoôiated consumption of oceanic plate. DICKINSON 
and HATHERTON (1967, 1969) have demonstrated that the potassium contents 
of lavas increase with distance away from the oceanic trench1 and hence 
increase with increased depth of. consumed. oceanic plate beneath the volcanic 
centre. The feature applies only to those lavas apparently associated with 
subduction of oceanic plate. The... potassium contents of the Lower Old Red 
Sandstone basalta (< 5y3 sio2) in Scotland is rather variab1e as ahown in 
TABLE 8-1, although data at present available are very few for most areas. 
On the basis of the uncertainty concerning K 20 contents of the lavas, 
and the fact that a subduction zone in the Southern Uplands as envisaged 
by DEWEY and PAI'KH1JRST (1972) and DEWEY (1971)  would not take account of 
the Cheviot ].avaa (since they would have been generated on top of. oceanic 




K20 contents of bacalts of Lower Old Red Sandstone 
age from various lava se4uences in Scotland. 
Loca]ity Range in KQ No,, of srn1yas 
Sidlawa 0.6 - 2.0 37 
Ochi].a 1.3 - 2.0 k 
Arahire 1.51 1 
Stonehaven 2.34 
Loz'ne 2.10 1 




I am indebted to my supervisor, Dr. K. 0. Cox for suggesting this project 
and for his helpful advice onmány of the problems associated with it. 'I am 
especially grateful to him for .much valuable discussion and constructive 
rticieni of the t}iesis manuscript. 
For much useful criticism and discussion. I should also like to thank 
Professor'M.J. 0'HEra,.DrsBo 0. J..Upton, K, R. Gill, 0. N. Biggar and 
:" R. 0• Cawthorfl. 	. 
I wish to thank !r. I B. Paterson of the Institute of Goo1ogial Sciences 
for providing field. maps of the Stdlaw Hills1 and for 'much useful discussion of 
the problems involved with sample collection. 
Analyses of iavS .were carried out under the expert guidance of Messr 
0. R. Angell and N. J. Saunders. 
The assistance of Pofessor MA J. O'Hara* Dx'. Go N, Biggart and Messrs 
C. E. Ford and D. J. Humphries with experimental petro3.ogical techniques is 
gratefully acknowledged, 
I am very grateful for the asistance of Mr. Cohn Chaplin and his t6chnidal .  
staff1 especially Miss Margaret Muir, and Mr. Ian Bowler, who helped with diagrams 
and produced the photographs in this thesis respectively. 
Dr. A. C. Dub.am and Mr. F. Wilkinson of the Department of Geology4 
Manchester University, kindly provided electron microprobe analytical fac3lli'bies4 
and I wish to thank them for their assistanCe.  
I am very grateful to ProfeasOrs F. H. Stewart and G. Y. Craig fQr placing 
the excellent facilities of the Grant inatitute of Geolor at my dispo'àal. 
My thanka are due to 'Mis Angela E. Bulloch for typing this thesis a 
This work was 'carried out during the tenure of an N.E.R.C. Research 
$tudentship (1969-1972). 	. 
12). 
BIBLIOGRAPHY 
ANDERSON, C. A.,. 19i+l. Volcanoes of the Medicine Lake Highland, California 
Univ. Calif.. Pub. Dept,. GeoL, Sci. 8u].1., v. 25 347-.422. 
ARMSTRONG, M.,. and PATERSON, I. B., 1970. The Lower Old Red Sandstone of the 
Stratbmore Region.: Rept.. Inst. Qeol. Sci., no.:7042 . 
BAKER, I., and HAGGERTY, S. E.,, 1967. The Alteration of Olivirie in Basaltic and 
Associated Lavas. Part' II Intermediate and Low Pressure 
Alteration. Contr, Mineral. and Petrol. 16 258-273. 
BAKER, P. E., 1968. Petrology of ME Misery Volcano, St Kitta, West Indies. 
Lithos 1 124-150., 
BALSILLIE, D., 1934. Petrographyof the Intrusive Igneous Rocks of South Angus. 
Trans. Proc. Perthsh. Soc., Nat. $ci.,. 9 133-1456 
BEST, M. G., 1969, Differéntjation Of Caic-alkaline •thaginaa, 65-75 in A. R. 
MdBirney, ed Proceedings of the Andesite Conference State of 
O'egon, Bull, Dept., Geo].. Mineral md. 65 193, 
BENIO, H 	19546 O±ogeneis and deep cruatal structure- additional evidence 
from seismology Bull., gool,, soc. Am., 6, 385-40O., 
BOWEN, N. L., 1914 The ternary' system:. diopside-forsterite-s1ca. Amer. 
J1 SC+ 38, ; 207-264.: 
BOWEN,,N. L., 1928. The evo.uton of the igneous rocks, Princeton: Princeton 
University Press, 
BROWN, G. M., 1967. Mineralogy of Basaltic Rocks 4  pp  103-162 in Baaalts: the 
Poldervaart treatise on rocks of basaltic 'composition 4 eds. 
Hess4 H. H. and Poldervaart, A,,Nèw York: Interscience. 
BROWN,' U. M. and SCHAIRER 4, J, F. 1967- Melting relations of some caic-alkaline 
volcanic rocks. Yb. Carnegie. Instn., Wash, 66 0 I+60i.467. 
BROWN, G. M., and SCHAIRER, J. F. 1971.. Chemical and molting re1atons of some 
ca].c-alkaline volcanic rocks, 130, 139-157 Mem. jeol. Soc,. Am. 
BYERS, F., M., 1961. VolCanic suites4 Umnak and Bogoalof Islands, Aleutian Islands, 
Alaska: Bull. geol. Soc.. Am., 72 9 9-128. 
CARMICHAEL, I. S. E, 1964.. The petroogy of Thingintzli, a Tertiary 'Vo1ano in 
Eastern Iceland. J. Petrology.. 5, 435.. 460, 
CHAYES, F.., 1960. On correlation between variables of constant sum. J. geophyg,' 
• 
,Res, 65, 4185-93.  
CHAYES,/ 	' 	• 	 • 	..' 
122 
CHAYES, F., 1969. The Chemical Composition of Cenozoic Andesite. pp 1-11 
in A. R. McBirney, ed. Proceedings of the Andesite 
Conference State of Oregon, Bull. Dept. Geol. Mineral.. Ird. 
65!l93f 
CHAYES, F., '1962. Numerical correlation and petrographic variation, J. Geol. 
70, 44O452.: 
CHAYES, F., 1964. Varianco-covariance relatiOns in some published Harker 
diagrams of volcanic suites. J. Petrology, 5, 219..237 
CHAYES, F., 1965.. On the level, of silica saturation in andesite: Yb Carnegie 
Inst, Wash. 64, 155-159 
COATS, R. R. 1959. Geological reconnaissance of Seiniiopochnoi Islands, Alaska. 
U.S. Geol. Surv. Bull. 1028.-0, .k77-519. 
COATS, H. H., 1968'. Basaltic AMesites pp 689-736 in Basalts: the Poldervaart 
treatise on rocks of basaltic composition', ode. HesS,' H. H. 
and Poldervaart, A. New York: Interacience. 
COOMBS, D. S., 1963.. Thends and affinities of basaltic inagmas and pyroxenes as 
illustrated on the diopsido-olivine-silica diagram: MineraL. 
0 	Soc. America Spec. Paper 	2272. 
DAVIDSON, C. F., 1932., The Geology of Moncrieff Hill, Perthahire. Geol. Mag. 
69 452464. - ' 	 . 
DEER, W. A., HOWIE, P. A., thid ZUSSMAN, J., 1963. Rock Forming Minerals 5. 
volumes London: Longnians. 
DEWEY, J. F., 1971. A model for the Lower Palaeozoic evolution f the southern • 	
margin of the early Caledonidos of Scotland and Ireland. 
Scotto J. Qeol. 7, 219-240. 	 •' 
DEWEY, J. F., and PANKHURST, P. J., 1970. .The Evolution of the Scottish Caledonides 
in relation to their.isotopic age pattern. 'Trans. 'Roy..Soc. 
Edii.68,361-389. 
DICKINSON, W. H., and HAThERTON, T., 1967. AndCsitic' volcanism and seismicity 
• 	 àound the Pacific. Science 157, 01-803. 
DICKINSON, We R., and HATHERTON, P.,. 1969. The relationship between andesite 
volcani8zn and seinmici'ty in Indonesia', the Lessor Antilles, and 
other Island arcs. J. Geophys.' Rep. 74, 5301_5310. 
DREVER, H. I., and JOHNSTON, R., 1957. Crystal growth of Forsteritic Olivine in 
Magmas and Melts. Trans. Roy. Soc. Edin, 63, 289-315. 
FAWCETT, 'J, J., 1965. Alteration' products' of ólivine and pyroxene in basalt lavas 
from the Isle of Mull, Mm, Mag. 35, 55-68. 
FITTON,/ 	
•. 	'.. 	. 	• 0 	
•, 
123 
FITTON, J. G., and HUGHES, D. J, 1970.  Volcanism and Plate tectonics in the 
British Ordovician , Earth. planet. Sci. Lett.8,, 223-228. 
FOSHAG, W. P., and GONZALES, R. J., 1951+. Birth and development of the 
Paricutin volcano, Mexico, Geol. Surv. Am. BuU. 965]), 355-1+89. 
GAST, P. W., 19654 Terrestrial ratio of potassium to rubidium and the composition 
of the earth's mantle. Science 11+7, 858-860. 
GAY, P., and Le MAITRE, R. W., 1961. Some observations on "iddingsite' 	. 
Mineralogist1 1+6, 92-111. 
GEIKIE, SIR ARCHIBAD, 1897. The Ancient Volcanoes of Great Britain 2 volumes. 
Loidon. 	' 
GREEN, T. H., and RINGWOOD, A. E., 1966. Origin of the caic-alkaline igneous 
rock suite. Earth. planet. ci , Lett. 1, 307-316. 
GREEN, D. H.,' and RINGWOOD, A. E., 1967.  Genesi8 of Basaltic Nagmas. Contr. 
Mineral. and Petrol. 15, 103-190. 
GUPPY1 S. H., and SABINE, P. A., 1956. Chemical analyses of ignóous rocks 
metamorphic rocks, and minerals, 1931-1951+. Hem. geol. 
SurV. Ot. Br... 
GUPPY, E.'•M., and THOMAS, H. H., 1931. Chemical Analyses of Igneous Rocks, 
• 	 ' Metamorphic Rocks, and Minerals. Mem. geol. Surv. Gt. Br. 
• HARRIS, J. W., 1928. Notes on the Extrusive Igneous Rocks of the Dundee District. 
Pians.,Edin. Geol. Soc. 12, 105-110. 
HARRY, W. T.,1956. The Old Eed Sandstone Lavas of the Western Sidlaw Hills, 
Perthahire. Geol. Nag. 930 1+3-56. 
HARRY, W. T., 1958. The Old Red Sandeton& Lavas of the Eastern Sid].aws. 
Trans. Edin. Geol. , *Soc. 1.7 1  105-112. 
HOLLOWAY 1 J. R., and BURNHAN, C. W., 1972.. Me1tinge1ations of Basalt with 
equilibrium water pressure less than total pressure. 
J. Petrology 1391-29. 
'HOLMES, A., 1932- The origin of igneous f rocks. Geol. Mag. 69, 51+3-558. 
IIDA, C., 1961. Trace elements in minerals and rocks of the Izu-Hakone region, 
Japan Part II, Plagioclase, Journ. Earth. Sci, Nagoya Univ. 
99 14.'28. 	' 
IIDA, C., KUNO, H. an, YAIIASAKI, K., 1961. Trace elements in minerals and 
rocks of the Izu-Hakone region Japan. Part I. Olivine. 
Jóurn. Earth • Sci • Nagoya. Univ., 9, 1-13. 
'1 




JAKES, P., and SMITH, I. E., 1970, High Potassium Caic-Alkaline Rocks from 
Cape Nelson, Eastern Papua. Contr. Mineral. and Petrol. 
28 1 259-271. 	 .' 	 0 
JANIESON, B. CL, 1969. The petrology of oliviné-rich rocks, Nuanetsi, 
Rhodesia. Uni.Edinbargh Ph.D. L'he8is  
JAMIF.SON, B. 0. , an. CLARKE, D. B,, 19701, Potassium and aseociate4 elements in 
tholeiitic basalts. ,J. Petro1o, 11, 183-204. 
Le BAS, M. J., 1962. Role of aluminium in igneous clinopyroxenes with relation 
to their parentage. Am. J. Sci., 260, 267-288. 
• KUNO, H, 1950. Petrology of Hakone volcano, and the adjacent areas, Japan. 
Bull, geol. Socu Am., 61, 957-1020. 
KUNO, H, 1951+. Study of orthopyroxenes from volcanic rocks, Am. Mineralogist 
399 30-1+6. 	 ' 
KUNO, H.,1959.  Origin of Cenozoic petrographic provinces of Japan and 
surrounding areas. Bull • Voic. Ser • II, 20 9 37-76. 
KUNO, H., 1960. High Alumina Baèaltu J. Petrolgy 1, 121-11+5. 
KUNQ, H., 1969. Andeaite. in Time and Space. pp 13-19 in A. R. McBirney, ed. 
proceedingth of the Andesite Conference, State of Oregon, 
Bull. Dept. Qeo1 Mineral, md, 65 9 193 pp. 
KUSHIRO, I., 1960, si-Al 'relations in cliirnpyroxenes from igneous rocks. 
Am. J. Sci., 258, 51+8-551+. 
KUSHIRO, I., 1972. Effect of Water' on the Compositions of Magmas Formed at 
High Pressures, J. Petrology, 13, 311-331+4! 
LARSEN E. S., and CROSS, W,,'].956. Geology and petrology of the Sn Juan region, 
southwestern Colorado. U.S. Géol.Surv. Prof. Paper 258, 303 P. 
• LARSEN, E. S., IRVING, J., GONYER, F. A.', and LARSEN, E. .5. 9 1936. Petrologic 
results of a study Of the minerals from the Tertiary Volcanic 
rocks of the San Juan region, Colorado. Am. Mineralogist 
$ 21 9 679-701.  
LARSEN, E. S.,' IRVING, J., GONER,F. A., and LARSEN 1 E.S., 1938. Petrologic 
results of a study of the minerals from the Tertiary Volcanic 
rocks of the San Juan region. Am. Mineralogist. 23, 227-257. 
MANSON, V. 1 1967. Geochemistry of basaltic rocks: major elements, pp. 215-269 
in Basalts: the Poldervaart treatise on rocks of basalti 
0  compositiofl, ods. Hess, H. H. and Poldervaart, A., 'New York: 
0 	Interscience. • 
NOCKOLDS,/ 	 0 
3.25 
NOCKOLDS, 5; R.., 1954; Average chemical compositions of some igneous rocks 
Bull; g.eol; Sgc Am 65, 1007_1052.: 
NOCKOLDS, 5; R;, and ALLEN, L., 1953,  The geochemistry of some igneous rock 
series; Geochim et Cosmochim Acta k, 10543)12. 
O'HARA, N; J., 1965; Primary magmas and the origin of basalts. Sott. .J. (eo1. 
3 ].9-kO.' 
O'HARA, N; J;, 1968. The bearing of phase equilibria studies in synthetic and 
- • 	natural systems on the origin and evolution of basic and 
ultrabasic rocks Earth. Sci. Rev. +, 69-133.. 
OSBORN, E. F., 1959. Role of oxygen pressure in the crystallisation and 
differentiation of basaltic magma. Am. J. Sci. 25? 0 609- 
•647. 
OSBORN, E. F., 1962. - Reaction series for sub-alkaline igneous rocks based on 
different oxygen pressure conditions. Am. Mineralogist 
47., 211-226. 
OSBORN, E. F., 1969. Ecperimenta1 Aspets of Caic-Alkaline Differentiation. 
pp 33I2 in A. R. McBirney, ed. Proceedings of the Andesite 
(it'€ 	fnfø M' (A,nnL1u11. Dt. Geol. Mineral. md . 
659 193pp., 
PATERSON, I. B., and HARRIS, A L.,1969. Lower Old Red Sandstone Ignimbrites 
from Duniceld, Perthehire, 1ept. Inst. Geol. Sci., no. 
69/?. 
PRINZ, M.,1967. Geochemistry of Basaltic Rocks: Trace Elements, pp 271-323, 
in Basalts: the Poldervaart treatise on rocks of basaltic 
Compoeitiqui eds Hess, H. H. and Poldervaart, A., New York: 
Interscienoe. 
RAYLEIGH., C. Be and LEE, W. H. K., 1969s , Sea-floor spreading and Island-Arc 
Tectonics. pp 99-110 in A. R. McBirney, ed. Proceedings of the 
.AndesiteConference,: State of Oregon. Bull. Dept. , Geol. 
Mineral. md. 65, 193pp. 
ROEDER, P. L., and EMSLIE, P. F., 1970, Olivine-Liquid Equilibrium. Coxttr. 
Mineral. and Petrol. 29, 275-289. 
STRECKEISEN, A., 1967- Classification and nomenclature of igneous rocks. 
Mineral. Abh., 107, 144-240. 
TAUSON, L. -V., and- KRAVCHENKO, L. A. 1956, Characteristics of lead and zinc 
distribution in minerals of Caledonian granitoids of the 




TAYLOR, S. R., 1965; The application of trace element data to problems in 
petrology. Phys. Chem. Earth, 6, Chap. 2 133-213. 
TAYLOR, S. R 1969. ¶Lace 1ZLoment Chemistry of .Añdesites and associated caic-
alkaline rocks pp 1+3-63 in A. R. McBirney, ed. Proceedings of 
Mineral md. 65, l93pp 
TAYLOR, So R., and WHITE, A. . R., 1965. Geochemistry of andesitea and the 
growth of:continénts;, Nature 208, 271-273. 
TILLEY, C. L, YODER, H. S., and SCHAIRERj J. F., 1963- Melting relations âf 
basalte, Yb Carnegie Instn. tlash. 62, 77-81+. 
TILLEY, C.E., YODER, H. S., and SCHAIRER, J., F., 1964. New relatiçns on melting 
of basalts. Yb. Carhegjenstn.Wáah,' 63 9 92-97. 
TILLEY, C. E., YODER, H. So, and SCHAIRER, Ji: F•; 1965. Molting relations of 
volca±iic tholojito and alkali roàk series. Yb Carnegie 
ixistn, Wash. 61+, 6982. 
TILLEY, C. E, YODER 'H. S.,, and SCHAIRER,. J.. F.',. 1966.. Molting r1atioris of 
volcanic rock series: Yb Carnegie Instn. Wash. 65, 260-269. 
TURNER; F. J;, and .VERHOOGAN, J., 1960. Igneous and Metamorphic 'etro1ogy. 
New York: McGraw-Hill. 
WASHINGTON, H. 3. 9 ' 19]:?. Chemical analyses' ofigneousrocks'. U.S. Gèol. 
Surv. Prof. Paper 99.. 
WILCOX, R.E., 1954. Petrology ofParicutin Vol' cano g Mexico. U.S. Geol. 
Surv, Bull. 965-C, 281-353. 
YODER, H. 3, 1965. Diopside-anorthjte-water at fire and ten kilobars' and its 
bearing on explosive volcanism Yb. Carnegie instn. Wash. 
61+, 8289., :. 	• . 
YODER, H. S., 1966, Spilites and serpentinites. .Th.. Carriegie Instn. Wash. 
65, 269279. 	 . 
YODER, H. S., 1969, Calc-alkaline Adeaites: Experimental data boririg on the 
origin of their assumed characteristics. pp 77-89 
• in. A. R. McBirney, ed e Pr6ceedWs of the Andesite Conference, 
State of Oregon Bull. Dppt. Geol. Mineral md. 65, ].93pp 
YODEB, H. S. and DICKEY, J. S.,1971. Diop6ide-pyrOpeát pH O,= 5kb and Its 
bearing, on spinel problems. Yb. Carnegie iLtn. Wash70, 
122-125. 	 . S 
YODER, H. S., and TILLEY, C. E, 1962. Origin of basalt magmas: An experimental 




SANPLE PREPARATION AND ANALYTICAL ME'2HODS 
A:l Sample Preparation 
Samples selected for.analysis were washed in water and scrubbed with a 
hard brush in order to remove loose fragments and as much of the weathered 
surface as possible. After drying, the samples were split into smfl 
fragments ( 2cm) using a Cutrâck hydraulic rock splitter. Care was taken 
to remove weathered fragments, and those which showed signs of contimimtion 
from the rock splitter. This contamination was evident from small coatings 
of steel on the fragments. Since the lavas are fine grained and compact, 
very little powder was produced during sample splitting. As the lavas 
appeared to be homogeneous in thin section and hand specimen, large quantities 
of sample were not required. 
The 2 cm sized chips were reduced to '5 mm fragments using a STURTEVANT 
Jaw Crusher. The fine powder resulting from this initial crushing was 
retained. Final grinding of the samples was achieved using a steel TEMA disc 
mill. After grinding for 60 seconds, and sieving through nylon nets it was 
found that the powder grain size was less than -100 mesh, and sieving 
was discontinued. 
STRONG (1970) has shown by contamination tests that Ni and Cr appear to 
be the main contaminants produced by grinding in a steel TEMA, and therefore 
samples selected for analysis of Ni and Cr were ground in a tungsten carbide 
TEMA disc mill. Although the WC TEMA contaminates the samples with small 
amounts! 
amounts of W and Co, this does not affect the present study. 
For separatiOn of plagioclase phenoorysts, the rocks were ground to 
-15 mesh and the fine grains were passed through a magnetic separator 
• 	at fairly low current. Repeated magnetic separation resulted in an 
impure plagioclase separate, though it was difficult to remove all impurities 
• 	due to inclusions in the feldspar. The impure separate was ground to -100 
mesh in a WC TEMA :and the powder passed through the separator once more. 
Final purification was not achieved and impurities such as rutile, dm0- 
• pyroxeno, and altered, olivine were estimated in one sample studied in detail 
(M83) by point counting to be 0.5%. 1% and 1% respectively., 
A:2 	X-Ray Fluorescence Analysis 	S 
A:2:1 Malor Element Analysis 
A fusion method of sample preparation for analysis of major elements 
was adopted in this study, an& this method has been outlined by ROSE et. al. 
(1963). The absolute weight of fusion constituents used is not critical 
providing the ratio 1:1:8 of sample : La 203 : Li2B,+07 is maintained. The 
weights chosen in this study were 0175 gins sample s 0.75 gms La205, and 6 gms 
each constituent being 'dried thoroughly before use • The mixtures 
were placed in graphite cruqiblee and fused at 1050°C in a muffle furnae. 
After fusion 1  the glass beads were allowed to cool. Any bead which showed 
signs of incomplete fusion (indicated by white La 203 on the surface) were 
discarded, and the fusion repeated. After the beads had cooled sufficently, 
• they were 'placed in clean dried glass jars inside a dessicator. Finally 
• 	their weights were made up to exactly 75 gins using dried Li 2B07, and the 
samples! 	S 
samples were stored in firmly stoppered glass bottles. Before use, the 
glass beads were ground to -200 mesh in a WC TEMA. The powders were dried 
at 1100C, and, just prior to analysis they were compressed into discs with 
a boric acid backing. Care was taken to achieve a smooth unbroken di8c 
surface, any poor discs being discarded and replaced. This metho4 of 
preparation reduces matrix effects and thus Corrections for the matrix are 
not required. Another feature of this method is the linear relationship 
which result5 between fluorescent intensity and element concentration for 
all elements with an atomic number greater than U. 
The analyses were carried out using a Phillips PW1212 Automatic X-ray 
fluorescence Spectrometer. The operating conditions for analysis of major 
elements are presented in TABLE A-i. Each of the major element oxides 
analysed by this technique was determined using a Cr tube, and the results 
were computed against standards (px'epared and analysed by exactly the same 
techniques, as the samples) using a computer programme available in the 
Grant Institute of Geology. MnO was determined using a W tube. The standards 
used in this study were both U.S.G.S. standards (AGV...l, BCR-l) and Edi±iburgh 
University standards. These are shown in TABLE A-2 and the values used 
were those quoted by FLANAGAN (1969). 
To estimate the precision 'of the XRF analyses, five fusions of 141 
were prepared. The results Of this precision test are presented in TABLE 
A-3. The precision data are compared with those given by APPLETON (1970). 
A:2:2 Trace flement Analysis 
Trace element determinations were carried out on the rock powder (ground 
to! 
• 	Coarse Yes 










• 	P 'I 20 
P Scint 20 
P-B flow 100 
P II 10• 
P ' I 10 • 
• 	F-B 'I 
.ement 	Ky mA Crystal 
and 
Line -. 
• Si 	K 	60 21+ pz. 
Ti 	K.. 	60 21+ PS 
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Fe 	K 	60 21+ PS 
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P 	K 	60 21+ PS 
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TABLE 
Precision of Malor Element Analyses 
Appleton (1970) 
U S C, N M £ 
Si02 	54.54 54.12-54.77 0.22 o.ko 5 48.37 0.32 
Al 203 	17.97 17.71-18.10 o.4o. 2.25 5 16.34 1.09 
Fe203 8.69 8,618.91 .0.21 2438 5 8.74 003 
MgO 	3432 2.88-3.46 0.15 4.1+6 5 4.45 1.85 
CaC 	6.52 6.366.71 0.12 1.87 5 9.73 0426 
K20 	1.67 1.63-1.73 0.03 1.92 5 7.71 0.49 
0.29 0.29-0.31 0.02 6.90 5 o.48 3.4O 
TiO2 	1.52 1.k3-1.60 .0.07 
4.67 5 0.81 1.11 
M=Mean . 
R=Raxge .' 
S 	Standard Deviation  
C = Coefficient of variation, (%) 
N = Number of determinations 	- . 
to -100 mesh or less) using the PW1212 spectrometer. The powder was 
supported on mylar inside the spectrometer. Care was taken to ensure 
that sufficient sample was used since penetration by the X-rays is quite 
deep, and small amounts of powder might result in anomalous determinations. 
Ba, Sr, Rb, 71, Zn and Cu, were determined on all samples; La and Ce on most of 
the samples, and Ni, Cr, and V on selected samples. The operating conditions 
are pre8eflted in TABLE A-k and the standards used in the determinations 
were AGV-]., BCE-i, GSP-1, 01, G2, DTS-i, Ti, Wi, 8712 most of which are 
U.S.G.S. standards. The standard values ch'en were those quoted by FLANAGAN 
(1969), and are shown in TABLE A-S. 
Precision tests were carried out on samples Mi (5 determinations), 
and the results of this test are presented in TABLE A-6, 
A:3 Wet Chemical Methods 	. , 	. 
Ferrous iron was" determined according to the method of WILSON' (1955'). 
The precision of FeO analyses is presented in TABLE A-?. 
Na20 was determined using'an.EEL flame photometer. The samples were 
diasólvOd in concentrated HNO3  and HF and evaporated to dryness on a hotplate. 
This step is repeated once,' and' the sample finally taken into solution with 
SOk. The sample solutions were diluted to give concentrations dilute H2  
in the range 1-25 ppm Na20 to correèpond'with standard solutions used. The 
exact concentration of Na 20 was determined by bracketing between two standard 
solutions. Interference by Ca was removed by using a double Na filter. The 
precision of, Na20 analyses is presented in TABLE A-8. 
TABLE A-4 
.ement Ky mA Crystal Method Counter Time Coll(nmtor Vacuum 
and (Secs) 
Line 
Ba 	K 80 24 LiF P/B - Scint 20 Fine No 
SrK 80 :24 LiP P/B. 20 No 
Rb 	K 80 24 LiP P/B 20 No 
Zr 	K 80 24 LiP P/B 20 No 
Y 	K 80 24 LiP P/B 20 No 
Zn 	K 80 24 Lir P/B 
: 
40 No 
Cu 	K 80 24 - 	 LiP. P/B 40 H 	 - No 
La 	K 80 24 LiP. - 	 P/B flow 40 Yes 
Ce 	K 80 24 LiP P/B 40 Yes 
Ni 	K 80 24 LiP P/B It 40 Yea 
Cr 	K 80 24 LiP P/B 40 Yes 




Precision of 'ace Eaement Analyses 
Appleton (1970) 
li s 	,. 
440-48 16.55 3.59 	5 
494-585 33.07 6.33 	5 
47-58 3.66 7.04 5 
206-238 12.09. 5.62 	5 
36-52 6.24 14.51 	5 
75-8k 3.19 4.09 	5 
6-20 4.49 34.50 5 
21-25 2.86 Ia. 4o 	1 







































H20 was determined by a similar method  to that .proposed by SHAPIRO 
and BRANNOCK (1962) where 1gm of sample is fused with 3 gnis of'flw 
(lead 'oxide4ead chromate) in a pyrex tube. The precision of this method 
is shown in TABLE A-9. 	, 
Sr was determined on 'the plagiociase separates by Atomic Absorption. 
Spectroscopy in the' .preeice of La203 and KC1 using synthetic dtand&rdse 
The U.S.G.S. standard AGV-1 was used as a te'st for áccuracy. The results 
of the Atomic Absorption determinations are compared with X-.R-..F results in 
TABIE.A-lO.  
A:k Electron Microprobe Analysis 
The electron microprobe analyses of pyroxene prepented in Chapter 3 
were carried out at Manchester University under the supervision of 
Dr. A. G. Dunham and Mr. F. Wilkinsoii. The standards used in the deter-
minations were both synthetic and natural compositions, and the results 
were corrected both for mac(hine drift and "dead-time". 
The feldspar 'compositions of Chapter 3 were computed from partial. 
analyses by electron microprobe for CaO and 1(201  using synthetic and 
natural feldspar 6tandards. By using appropriate standard compositions, 
errors in the. determination of unknown compositions are small (Dr. Dunham, 
pers. comm.). CaO and 1(20 can be converted into Mo]. % Anorthite and Mol % 
Orthoclase directly. 
A:5 'Optical Determination/ 	 ' 	 '' 
• TABLE 	A-? 
Precision of FeO determinations Appleton (].970 ) 
2 
FeO 	3.55 3.52-3.58 	0.019 	0.54, 5 4.19 	1.01 
• TABLE 	A-8 
Precision of Na20 determinations Appleton (1970) 
Na20 	4.43 4.39-4.49 	0.033 	0.75 5 179 	0.41+ 
TABLE 	A-9 
Precision of Heterminationa 
H20 	1.52 1.1+14.62 	0.084 J 




Accuracy. of Sr determinations 	5 . • 	 • 	 • 
llanagan (1969) A.A. (This study) 
AGV-1 	• S 
657 ppm, 	 S. • 	 665 ppm 
ppm Sr (A.A) ppm Sr (XRF) 
M60 1344 	 • 
•. S • 	 • 	 11+1+0 
M83 1201 1300 
A*5 Optical Determinations 
Determinations of the anorthite content of plagioclase were made using the 
Michel Levy method on a flat microscope stage and on a universal stage using 
the high temperature determinative curves of VAN DER KAADEN (1951), SLEMMONS 
(1962), BURRI, PARKER and WE1K (1967), and MUIR. (1955). 
Refractive Indices of orthopya'oxenes were determined on cruahe4 graina 
in sodium light. 
A:6 Modal Analysis: . 	. 
Data on the modAl analysis was obtained by point counting on a Shadowmaster 
projection microscope. 200 points were counted on each view of the sample slide. 
Additional determination, on duplicate slides of about 25%  of, the specimens were 
carried out to obtain more representative modal analysis. 
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APPENDIX . 
EXPERIMENTAL PE7TROLOGY TECHNIQUES 
B:]. Atomspheric Pressure Experiments 
B:2 Elevated Pressure Experiments 
APPENDIX B 
EXPERIMENTAL PETROLOGY TECHNIQUES 
B:1 Atmospheric Pressure Experiments 
Samples selected for melting at 1 atmosphere pressure were ground to 
-325 mesh in a WC TE1A, to lessen the possibility of residual grains remaining 
after the runs. Approximately 10-15. mg of sample were placed in Mo tubes • The 
powder was tamped down and the tubes were left unsealed. They were loaded with 
open end upwards into a Pt carrier and run at various temperatures between 1050
0
C 
and 12250C in an atmosphere of H/CO2 for between 5 and 7 hours. depending on. the 
temperature. The lie were made under the supervision of 1). J. Humphries. 
Calibration of temperatures were made using the melting points of Au and 1425103 
and errors were found to be ± k°c at 10640 and 9.5 at 12080 . 
After quenching, the capsules were opened. Care was taken to ensure that 
all the sample had been removed from the capsule in case crystal sinking in the 
liquids had occurred. The samples were examined optically in oil of known 
Refractive Index. As far as could be ascertained all the crystals observed in 
the 1 atmosphere runs were primary and not quench products. 
The atmospheric pressure run data ae presented in TABLE B-i, 
B:2 Elavated Pressuxe Experiments 
As with the atmospheric pressure experiments, selected powderi were ground 
to! 

TEMP ( °c) 1224 	. 1200 1180 1163. 1147 1123 1100 1065 
Ml GL GL GL+P . GL+P GL+P+01 	- GL+P-i-C1 GL+P+01+Cp GL+P+01+Cp 
M20. GL GL GLrFP+01 GL+P+01 GL+P+01+Cp GL4+01+Cp GL+P+01+Cp 
M24 GL+01 GL+01 GL+P+01 GL*P+01 GL+P+01+Cp GL+P+Q1+Cp GL-t-I+01+Cp - 
M32 	: G.L 	. GL GIrfP GL+P+01 GL+P+01:; 
1  Cil~fP+01,C 1. GL+P+01+Cp 
M34 GL GL GL+P GL+P GL+P GL+P+01 GL+P41 - 
M39 GL GL GL+P GL+P GL+P+01+Cp GL+P+01+Cp GL-i-P+01+Cp - 
M44 GL GL+P GL-i-P GL+P GL+P+01 GL+P+01+Cp GL+P+01+Cp - 
1461 GL GL GL+P+01 GL+P+01 GL+P+01+Cp GL+P+01+Cp GL+P+01+Cp - 
1487 GL GL P GL+P+Ol GL+P+01 GL+P+01+Cp GL+P+01+Cp GL+P+01+Cp - 
1496 GL GL+P GL+OP - - - 
- GL+P+OP-.Cp 
to -'325 mesh. 2 mg of deionisod water were syringed into a small Pt capsule. 
The capsule was then filled with 10-15 mg of sample. The top of the Capsule 
was cleaned, crimped with pliers and welded with a carbon electrode. Care 
was taken to ensure that complete welding had occurred. The capsule was 
weighed, heated on a hotplate for 1 hour, and wetghed again. Any capsules 
which lost weight were discarded and renewed. In order to buffer the artial 
preeaure of water, .a large Pt capsule was selected, filled with 10 mg of water, 
excess buffer mixture (either Wt1atito/1agnetite or Ni/NiO), the sample capsule, 
and sealed by welding. Experimental runs at 2 kb were made using a Yoder Bomb 
(far a full description see FORD(1972)). The gas atmosphere used in the experi-
ments was 112/Ar, and the temperature was controlled and measure using Pt/Rh 
thermocouples. As with the atmospheric pressure experiments, temperature 
calibration was made using Au and. 1i2SiO3.. After quenching, capsules were 
opened, and examined optically. and by X-ray Diffraction. The buffer mixture 
was checked by X-ray Diffraction aftr each run to ensure that the required 
oxygen. fugacity was maintained throughout the runs. 
,Quencb Crystals of mica were found, in all runs. Other quench phases were 
apparent but these were distinguished from primary minerals partially by the 
cry8tal form. The assistance of Professor M. J. O'Hara andMx. C. E. Ford. 
with this distinction is gratefully acknowledged. 
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1147 2 kb G].+Quench Mica G1+Qu6ncli Mica 
above liquidus above liquidua 
1098 2 kb G].+01+Sp+Quench Mica Q]..+Quench Mica 
LIQ+01+Sp above liquidu8 
1047 a.]. kb G1+01+Cpx+Quench Mica G1+Quonch Mica 
LIQ+01+Cpx above liquidue 
1000 2 kb G1+01+Cpx+P1+Amph? G1+Quench Mica 
LIQ+01+Cpx+Pi above liquidus 

KEY TO TABLE, 
141 Feldspar phyric Olivine Basaltic Andesite 
142 *1 U U 	 II 
143 U ft 	 II 
147 Feldspar phric Olivine Basalt 
1110 U U 
1413 II 	 $1 It II 
1418 Clinopyroxene-Feldapar ph$r'ic Olivine Basalt 
1419 U • II U 
M20 Olivine Baaalt 
1423 C1inopyroxene-Feidspar phyric Olivine Basaltic Ande site 
1424 Olivine Basalt . 	 . 
1426 High K .Andesite 
M28 Feldepar-phyric Olivine Basalt 
II 	 II It It 
1430 Clinopyroxene-Feldapar phyric Olivine Basaltic Antesite 
1432 Feldepar-phyric Olivine Basalt 
1433 II II II 
1434 Fe1dsparphyrio Olivine Basaltic Andesite 
1435 FeIdapar-phyric Olivine Basèlt 
1436. U It It 
1437 II 	 It It It 
M38 
1439 t 	 It U It 
Mkl/ 
?4+1 Feldapar-phyric Olivine Basalt. 
1412 11 ft ft 
1413 
M44 ti 	 It U - fl- 
M49 tt 	 II It 
1150 of 	 if : 
M53 • II U it 
1151+ Vt 	 It It It 
1455 if 	 ft II II 
1456 Feldspar-phyriO Olivine Basaltic Andesite 
1158 . 	. ... 	
, 
1459 clinopyroxene-Feldapar phyrià Olivine Basaltic Andeito 
1160  
1461 " I, 
M62.Dacite  
1461+ Feld8par-phDiC Olivine Basalt 
1165 ii 	 It II It 
1166 • it . 	•. 
1167 It It II 
1468 -  
1169 it U 
1470 I, U 
1171 Felclapar-phyric Olivine Basaltic Andesite 
.1472 . 	ft It It It 
It II 
117+ Ii It 
it II 	. 
1475 Feld.spar-phyrió Olivine Basaltic Andesite 
M76 	 ii 	
ii 	 'II 	 it 
N'?7 	11 it 	it  
1478 	 S 	 it 	 it 
1479 	 II 	 Ii 	 ii 	 II 
1480 	 ii 	 it 	 ii 	 ii 
1481 High-K Andesite 
1482 	Of 	11S  
1483 Cljnopyroxene-Feldspar phrrió Olivine Basaltic Andesite 
1484 	 ii 	 to 	it 	 it 
1485 	 it 	 ii 	 ft 	 it 	
It 
1486 	 S 	 it 
• 1487 Clinopyroxene-Feldapar-phyric Olivino Basalt; 
1488 Feldepar-phyric Olivine Basaltic Andesite 
1189 Feldapar-phyric Olivine Basalt 
M90 Foldepar-phyric O].ivine 'Basaltic Aridésite 
1491 	ii 	 it 	 ii 	 II 	 ii 
1492 	 ii 	 it 	 ii 	 It 
1494 	 to 	it 	 ii 	 it 
1495 Orthopyroxene-phyric Andesité 
1496 
1497 	ii . 	 ft 	 ft 
1498 Dacite 	 S 
1499 	ii 	 S 
14101/ 
	
14101 Feldapar-PhyriC Olivine Basaltic Andesite 	 S 
11102 Olivine Basalt 
14104 ClinopyroxeneFeldsPar phric O].ivine Basaltic Andeaite 
).05 Feldspar-phY4C Olivine Basaltic Andesitö 
14107 Dacite 
14110 ClinopyrOXefleFeldsPar phyric Olivine Basaltic Andesite 
14116 olivine Basaltic Andeite 
14117 ClinopyrOXeneFel&3Pa1' phyric Olivine Basaltic Andesite 
14118 Olivine Basalt 
14119 Oljvine Basaltic Andesite 
11121 	
" 
14126 CiinopyroxeneFeldsP' phyric 011vine Basalt 
14127 Fe1dzparPhYri0 Olivine Basalt 
11128 ClinOpyrOxefle Feldspar phyrc Olivine Basalt 
14129 Olivine Basaltic Andesite 
14131 Feldspar phyric Olivine Basaltc Andesite 
14132 	
H 	U 	 H 	 II 
to 
4133 	H 	
ft 	- 	- 
11134 	It 	 It 	
H 	 H 
II 	 If 	
H 
M136 it 	
it 	to 	 ii
it 
14138  High K Andesite 	 S 
p4139 	 it 
)4)j4() " !' 
1411.2 High K Basaltic Andesito- 
 
iABL: c- i. 
M. M24 M39 17. Mb. M13. MIS. M19. 
5102 54.54 54.94 55.39 52.57 52.26 50962 52.10 50.72 
1102 1.52 1.54 1.51 1.36 1.32 1.32 1.58 1.50 
AL203 17997 17.91 17.83 16.64 16.91 18.71 16.61 16.92 
F203 5.93 3.12 .4.65 3.93 3.45 303 4.46 4.22 
2.49 4.34 2.76 3.55 3.97 3.56 4.32 4.30 
MNO 0.12 0.16 0.13 0.13 0.15 0.09 0.17 0.15 
MOO 3.32 3.70 3.52 6.21 5.89 5.7 6916 5096 
CAO 6.52 6.48 6.22 8.51 9.68 . 	 8.50 8.08 8.31 
NA20 4.46 4.42 4.43 3.59 3.35 .3.60 3.64 3.66 
(20 1.67 1.69 .1.78 1.13. .0.63 1.29 1.52 1.29 
1120 1.52 1,05 1.19 2.20 2.29 3.31 2.05 2.77 
t205 0.31 0.33 0.35 0.28 0.28 0.35. 0.42 0.39 
TOTAL 100.37 99.68 99.86 100.10 100.16 100.16 101.11 100.19 
C1ebw NOrIMS. 
3.30 3.72 4.57 1.81 3.32  
Or 10.01 10.16 10.72 6.85 3.82 7.90 9.11 7.86 
Ad 37.73 38.03 38.20 31.15 29.06 31.55 31.22 31.92 
AN 23.91 24.44 23.96 26.61 29.97 32.20 24.83 26.73 
Dl 	. 5.19 4.89 4.17 11.82 13.90. 7.28 10.44 10.54 
HY 10.53 11.31 11.02 14.74 13.01 12.78 15.87 13.05 
OL - - - . 	 - 
- 1.38 - 1.78 
MGI 4.18 3.69 . 	 3.59 3.69 3.67 3.45 4.29 . 4.23 
ILM 2.89 2.97 2092 2.65 2•57 2.60 3.04 2.94 
AP 0.67 0.79 0.84 0.68 0.68 0.86 1.01 0.95 
Pem 
461 420 475 272 272 340 460 385 
522 507 491 410 412 624 518 480 
Rs 52 	. 50 51 27 6 24 45 40 
215 234 242 182 185 226 240 218 
Y 43 37 34 33 30 26 36 38 
78 •. 	76 81 76 75 74 74 62 
Cu 13 16 14 . 	 . 	 23 46 24 24 29 
LA 23 	. 19 24 . 	 12 30 16 20 16 
CE 53 54 55 40 63 54 67 58 
Nj 12 
. 52 82 77 
Ctc 29 75 136 132 
V 116 165 172 166 
/R8 266 280 290 347 870 446 280. 267 
D.1. 51904 51090 53.49 39.81 36919 39.45 40.52 39.78 
IA8LE C-I (CONTO) 
M20. M23, M29 M26. M280 M290 M300 M33. 
6102 52.18 53997 50933 58.15 51.38 51.51 53.25 53.13 
fl02 1.59 1.50 1.53 1.23 1969 1.69 1.70 1.70 
AL203 16.19 17972 15997 17.67 18.56 18090 18.00 17.82 
FE203 4.73 3.70 4.05 4.98 5.38 5.05 4.73 4.83 
FEO 3.41 4.20 4.46 3.50 3.58, 4.02 3.56 3.44 
MNO 0.15 0.19 0018 0.10 0.13 0020 0.11 0.11 
MGO 6.07 4911 7.34 2.26 3.96 3.93 4.05 4.51 
CAO. 8.30 8900 8.50 3.68 7.10 7.17. 7.72 7.70 
NA20 3.40 3.95 3.24 4.33 4.17 4.19 4.36 4.22 
(20 1.62 1.59 1.04 1.99 1.45 1.47 1.62 1059 
1420 2.29 1.34 3.03 1.23 2.30 1.57 1.06 0.84 
k205 0.47 0.35 0.32 0944 0.39 0.32 .0.36 0.35 
TOTAL 100.40 100.62 99.77 99.54 100.09 100.02 100.32 300.04 
CIPW NOltMS. 
1.67 3.01 .- 12948 0.35 - 1.49 0.63 
C .- - - 2965 - - - - 
Os 9.80 91.50 6.38 11.68 8081 8.87 9.69 9.50 
AS 29.46 33.79 28.45 36.68 36.27 36.19 35.63 36.09 
AN 24971 26.21 26.94 15.57 28.42 29.01 25.97 25.25 
DI 11.45 9.37 11.70 - 4.39 4.19 8.43 8.89 
HY 14.71 10.56 17.77 11.77 13.31 12.87 10.68 11.57 
OL - -. 0.68 - - 0.38 - - 
MGI 3.98 3.55 4927 4941 4.40 4.44 4.0 399 
ILM 3.09 . 	 2.88 3.02 2.28 3.30 3.28 3.27 3.26 
AP 1.14 0.84 0.79 1.03 0.95 0.77 0.86 0.84 
IPM 
BA 462 460 380 496 422 460 490 460 
SA 692 549 607 473 675 685 607 593 
a8 37 41 18 60 36 	. 32 33 35 
ZR 293 243 228 262 248 246 250 238 
Y 33 34 35 45 30 48 34 31 
ZN 78 68 72 68 67 72 84 87 
CU 45 34 21 32 9 21 13 38 
LA 21 21 23 16 20 15 21 24 
CE . 	 84 58 52 62 63. 65 88 86 
NI 252 224 
Cr 352 325 
V 378 369 
358 322 480 275 334 380 .403 
U..1. 40.93 46.29 34.83 54.66 45.44 45.06 46.83 46.20 
TABLE C-I (CtJNTD) 
32. M33. M34. M35. M36. M37. M38. M39. 
5102 51.63 51.74 53.26 51.84 51.48 51.93 52.28 50.69 
1102 1.66 1.70 1.67 1.70 1.71 1.68 1.64 1.73 
AL203 18.64 1.37 17.78 18.33 18.49 18.13 18.35 18089 
E203 6.52 6.63 7.93 6.00 4.99 6.47 4.95 4.82 
FEC) 3.27 2.89 ,2.99 3.75 4.42. 3.10 4.65 3.58 
MNO 0.11 0.11 0.08 0.11 0.14 0.09 0014 0.34 
MG0 4.44 4e03 2.72 3.80 4.04 3.55 4.00 5.30 
CAO 6.99 7.70 7.01 7.37 7.08 7.32 7.02 5.21 
NA20 4.14 4.28 4.17 4.32 4.34 4.43 4.26 4.90 
<20 1.53 1.48 1046 1.47 1947 1.48 1.52 1.42 
820 1.30 1.09. 0.74 1.22 1.57 1.33 1.36 2.85 
P205 0.34 0.32 0.34 0.30 0.33 0.31 0.31 , 0.34 
10TAL 100.57 99.34 100.15 100.21 100.06 99.82 , 100.48 100.07 
CIPW N0iMS. 
- 
- 3.90 - - - 0.29 - 
C - - - - - 	 , - 0.65 
Ok 9.17 8.87 8.75 8.83 8.86' 8.94 9.11 8.67 
AB 35.51 36.73 35.78 37.15 37.47 38.31 36.54 42.85 
AN 28.14 26.92 25.8 26.71 27.17 25.76 26.82 24.42 
DI 3.86 7.87 5.93 6.88 5.25 7.56 5.23 - 
HY 13.16 8.80 10.58 10.87 10.40 10.44 13.42 5.44 
OL 1.44 2.21 - 0.85 2.12 0.37 - 9.59 
MGI 4.70 4.56 5.20 4.71 4.62 4.62 4.69 4.15 
ILM .3.20 3.27 3.22 3.28 3.31 3.26 3.16 3.40 
AP 0.82 0.77 0.82. 0.72 0.80 0.75 0.74 0.83 
PPM 
BA 518 485. 510 500 , 	 475 502 	, 504 305 
Sk 677 692 671 691 689 675 ,'670 550 
31 33 43 30 33 28 33 30 
Z R 198 185 184 192 196 198 204 220 
Y , 34 31 41 35 34 31 34 38 
ZN 	, 96 75 '' 	68 70 76 64 73 148 
CC) 15 , 	 30 31 30 20 	' 21 20 12 
LA 21 20 20 24 28 25 9 12 
CE 70 85 76 73 66 72 76 63 
NI 6 7 , ' 8 
Ct 	, 18 25 , 17 
V 141 138 213 
410 367 282 407 370 439 377 386 
0.1. 44.68 45.60 48.2 45.97 46.33 47.24 45.94 51.52 
TABLE C-I (CONTD) 
M41. M42.. M43. M44. M49. M50. M53. 154. 
S102 52.05 52.35 51.57 51.72 52.11 52.19 52.43 52.36 
1102 1.69 1.64 1.61 1964 1.55 1.65 1.61 1.58 
AL203 19.90 1797.4 18.30 18.32 18.51 18.43 17.93 17.63 
FE203 4.84 5.67 4.93 5.48 5.04 4,27 5.18 8.88 
FEO 2.66 4909 4.00 3.21 4.29 5.14 3.0 1.39 
MNO 0.28 0.14 0.15 0.17 0.20 0.18 0.07 0.05 
MGO 3.53 3.70 3.83 3.43 3.75 4.06 3.93 4.24 
CAD 6.62 6.91 7.07 7.28 7.08 6.81 7.73 5.11 
NA20 4.75 4.17 4.53 4.64 4.25 4.44 4.01 3.84 
<20 1.57 1.48 1.44 1.48 1.51 1.60 1.61 1.95 
H20 1.56 1.50 1.63 1.33 1.54 1.48 1.43 1.93 
i205 0.38 0.33, 0.34 0.34 0.33 0.34 0.40 0.36 
TOTAL 99.83 99.72 99.40 99.04 100.46. 100.59 99.42 99.32 
CIrW NORMS. 
- 1.89 - - 0.44 - 1.72 3.71 
C - - - - - - - 0.80 
Or 9.49. 8.95 8.75 9.00 9.09 9.58 9.76 11994 
AS 41.10 36.13 39.40 40.40 36.64 38.06 34.50 33.66 
AN 28.98 25.92 26.05 25.51 27.48, 25.97 26.84 23.83 
DI 1.67 5.69 6.27 7.62 4.98 4.88 - 
MY . 7.23 12.66 8.56 6.49 13.00 10.80 10.81 17.13 
OL 3.70 - 2.61 2.69 - 2.10 - - 
MGI 3.63 4.78 4.40 4.25 4.57 4.61 4.03 4.93 
ILM 3.28 3.19 3.14 3.20 3.00 3.17 3.14 3.11 
AP. 0.92 0.80 0.83 0.83 0.80 0.82 0.97 0.88 
PPM 
BA 500 	r 498 468 526 490 525 475 455 
Sk 759./ 677 696 693 694 683 603 53 
rB 31 32 33 30 43 45 44 47 
z R 23O 200 197 205 220 224 255 260 
y 38 30 33 32 47 52 51 51 
ZN 85 73 70 74 86 85 53 71 
CU 17 14 13 8 24 20 10 2 
LA . 	26 30 22 20 18 12 28 17 




421 384 362 409 292 295 300 341 
D.I. 50.58 46.97 48.15 49.40 46.18 47.64 46.28 49.32 
TABLE C-I (CONID) 
M55. M56. M58. M59. M609 M61. 62. M64. 
S102 52.65 54.11 53.07 54.96 55.27 55.18 62.78 
51.84 
1102 1.30 1.52 1.48 1.31 1.30 1.32 0.69 
1.51 
AL203 16.67 17.79 18018 16.37 16.50 16.46 16.91 
1.7.90 
FE203 4.00 6076 4.02 5.20 4.76 4.69 
2.57 4.47 
FEO 3.48 2.01 3.52 2.42 2.04 1.99 
2017 4.99 
MNO 0.09 0.07 0.09 0.09 0.07 0.07 
0.08 0018 
MGO 6.34 3..73 3.77 4.53 5.39 5.49 
1.62 4.01 
CAO 8.57 6.82 7.61 7.09 6.75 6.80 
3.49 6.62 
NA20 3.33 3.98 3.92 3.78 3.86 3.65 
4.12 4.24 
(20 1.01 1.57 1.39 1.88 . 	 1.86 1.88 
2.87 1.58 
H20 1.59 1.29 1.78 1.43 1.63 1.49 
2.33 1.36. 
P205 0.23 0.33 0.32 0.33 0.32 
0.33 0.34 0.33 
TOTAL 99.25 99.98 99.15 99.39 99.85 99.35 
99.97 98.83 
CIPW NORMS. 
3.23 4.77 3.81 5.23 4.51 5.30 17.97 0.37 
c - - - - - - 1.53 
Ott 6013 9.46 8.47 11.40 11.25 11.40 17.41 
9.60 
AB 28.96 34.36 34.20 32.82 33.45 31.71 35.79 36.90 
AN 28.32 26.56 28.77 22.73 22.73 23.59 1.5.50 25.86 
Dl 11.04 4.67 6.46 8.98 7.52 7.04 - 4.64 
HY 15.51 12.25 10.87 11.80 13.96 14.36 7.28 14.18 
OL - - - - - - - - 
MGI 3.70 4.19 3.74 3.69 3.23 3.23 2.34 4.70 
ILM 2.54 2.94 2.90 2.55 2.53 2.57 1.35 .2.95 
AP 0.56 0080 0.78 0.80 0.78 0080 0.83 0080 
P PM 
BA 285 445 .390 700 660 720 665 535 
srt 401 548 568 698 704 709 386 697 
AB 24 46 35 56 58 58 82 44 
Zr 167 228 234 205 212 210 462 214 
Y 37 49 49 38 39 33 49 50 
ZN 80 78 75 93 106 80 88 78 
Cu 27 34 31 34 34 31 7 12 
LA 9 19 4 14 28 17 43 5 
CE 70 68 84 112 100 89. 110 86 
NI 92 
214 
V 163 . 
349 . 	 283 329 279 263 267 289 294 
0.1. 38.33 4.59 46.48 49.46 49.21 	. 48.41 71.18 46.87 
lABLEC- I (CONTD) 
M65. 	M66. 	M67. 	M680 	M69. 	M70. 	M71. 	M72. 
5102 51.40 51.79 51.38 51.24 51.61 50.94 55.87 55.36 
1102 1.57 1.58 1.56 1.59 1.64 1.58 1.47 1.52 
AL203 17.95 18.04 18934 18.18 18.18 18.36 18.39 18.08 
FE203 4.59 4.77 5.65 4.50 5.72 5.18 3.60 3.37 
FEO 4.51 4.49 3.65 4.83 3.87 3.66 3.86 4.29 
MNO 0.15 0.13 0.13 0.15 0.11 0.13 0.14 0.14 
MGO 4.04 4.00 3.68 4.30 3.65 4.06 '3.17 3.27 
CAO 6.80 6.98 7.30 7.08 7.14 7.15' 6.21 6.37 
NA20 4943 4.35 4.40 4.38 4.21 4934 4.39 .4.43 
P(20 1.53 1.54 1.50 1.47 1.50 1.45 1.80 1.70 
H20 1.50 1.24 1947 1.64 1.49 2.22 1.03 1.01 
P205 0.33 .0.35 0.35 0.33 0.34 0.32 0.28 0.28 
TOTAL 98.80 99.26 99.41 99.69 99.46 99.39 100.21 99.80 
CIPW NORMS. 
- - 	 ' - - 
. 	 0.53 - 5.15, 4.58 
C - - - -' - - - - 
OR 9.33 9.33 9.10' 8.90 9.10 8.86 10.76 10.20 
AB 38.70 37.73 38.23 37.97 36.57 37.99 37.59 38.06 
AN 25.37 25.78 26.55 26.23 26.98 27.24 25.46 .24.80 
DI 5.87 5.99 6.75 6.12 5.79 5.91 3.14 4.40 
HY. 9.90 11.80 8.49 8.19 12.31 8.60 10.77 10.58 
OL 2.42 0.89 2.44 4.09 - '3.14 - - 
MGI , 4.52 4.56 4.56 , 4.62 4.69 4.36 3064 3.77 
ILM 3.08 3.08 3.04 3.09 3.20 3.10 2.82 2.93 
AP 001 . 0.85 . 	 .0.85 0.80 0.83 0.78 0.67 0.67 
PPM 
BA 535' 520 515 505 502 , 	 485 455 430 
SR ' 723 730 760 680 708 700 512 496 
RB 44 42. 46 45 44 	. 47 65 . 	 58 
ZR' 219 214 214 213, 212 220 243 224 
V 51 56 52 51 50 47 .53 47 
ZN 81' 74 78 81 70 102 93 89 
CU 25 17 29 15 24 17 24 12 
LA 18 14 ' 22 23 21 26 16 24 




IC/RB 283 304 270 268 280 256 228 241 
D.1. 48.04 47.06 47.33 46.86 46.20 46.85 53.51 52.84 
TABLE C- I (CON TD) 
M73. 	M74. 	M75. 	M76. 	N177. 	M78. 	M790 	M800 
5102 54.85 55.46 55.64 55.40 54.76 55.09 54.91 55.43 
1102 1.42' 1.53 1.49 1.54 1.49 1.53 1.41 1.49 
AL203 18.38 1.'69 18. 18.30 16.05 18.05 17.94 18.17 
FE203 4.56 3.38 3.47 3.50 3.89 5.73 6.29 4.34 
FED 2.90 3.85 3.67 3.89 3.60 2.02 1.52' 2.94 
MNO 0.12 0.14 0.12 0.1 0.13 0.12 0.11 0.13 
MGO 2.89 3.35 3.00 3.41 3.44 3.49 3.40 3.31 
CA6 5.81 6.25 6.20 6.31 6.52 6.38 6.13 6.28 
NA20 4.35 4. 44 4. 31 4. 30. 4.28 4. 42 4. 	4 4. 42 
<20 ' 1.78 1.79 '1.78 1.76 1.69 1.68 1069 1.77 
H20 1.38 1.29 1.19 1.15 0.99 1.12 1.46 1.25 
P205 0.29 0.30 0.32 0.30 ' 0.28 , 	 0.30 . 	 0.29 0.29 
TOTAL 98.73 100.47 99.63 100.00 99.12 99.93 99.59 99.82 
CIPW NUrMS. 
5.38 4.19 5.88 4.95 4.46 4.23 3.67 4.67 
C - - - - - - - - 
Ox 10.85 10.70 10.72 10.56 10.22 10.10 10.38 10.66 
AB 37.98 38.00 37.17 36.93 37.05 38.07 39.05 38.11 
AN 26.18 26.08 26.21 25.82 25.62 24.88 24.97 24.97 
Dl 1.31 2.67 2.44 3.21 4.53 4.32 2.53 3.92 
HY 11.13 11.16 10.40 11.22 10.87 11.01 12.13 10.56 
OL - - - - - - - 
MGI 3.67 3.53 3.52 3.62 3.68 3.70 3.78 3.53 ILM 2.78 2.94 2.88 2.97 2.89 2.96 2.78 2.88 
0.71 ' 0.72 0.77 0.72 0.68 0.72 0.71 0.70 
PPM 
BA 452 467 475 475 460 460. 440 475 514 513 510 523 500 515 517 501 
65 63 '61 65 60 56 66 66 
266 , 	 239 245 238 228 220 226 239 
58 50 47 54 51 56 54 53 ZN 94 84 107 80 . 	 85 88 99 99 . CU 6 12 14 ' 	 6. 20 33 24 20 LA 31 16 ' 	 19 21 20 19 19 30 CE 75 63 ' 70 .66 55 56 	' 51 62 NI 
C H ' . 
V 
('/B 227 233 240 223 233 , 247 212 222 
0.1. 54.22. 52.89 53.77 52.44 51.73 52.40 53.09 53.4 
TABLE C-I (CDNTD) 
M8I. M82. M83. M84. M85. M86. M87. M88. 
5102 58.81 57.20 53.70 53.89 53.15 53.21 52.48 53.43, 
T102 1.15 1.13 1.12 1.65 1.52 1.58 1.30 1.46, 
AL203, 17.84 17.32 16.45 18.01 17.50 17.61 17.15 18.18 
FE203: 5.27 5.40 :3.72 5.66 4.23 3.70 0.40 5.37 
FED 0.62 2.29 3.83 1.96. 3.97 4.13 3.12 2.46 
MNO 0.04 0.11 0.17 0.18 0.13 0.13 0.19 0.09 
MGO 1.59 2.21 5.74 3.91 3.96 3.85 5.80 4.17 
CAD 3.33 4.54 8.10 7.50 7.68 7.69 9.10 7.40 
NA20 4.38 5.13 3.57 3.97 3.9 3.95 3.30 3.92 
'(20 5.29 2.11 1.10 1.75 1.56 1.56 0.85 1.47 
820 1.32 1.47 2.07 1.38 1.45 1.30 2.00 1.57 
P205 0.55 0.56 0.34 0.40 0.39 0.36 0.24 0.30 
TOTAL 100.19 99.47 99.91 100.26 99.48 99.07 99.93 99.82 
CIPW N0rcMS. 
a 3.82 5.99 4.29 3.40 3.09 3.60 3.40 
C 0.17 - - - - - - - 
Ok 31.78 12.79 6.67 10.52 9.44 9.46 5.15 8.89 
37.68 44.53 30.99 34.16 34.15 34.31 28.64 33.94 
AN 13.14 18.46 26.27 26.60 26.08 26.39 30.23 28.31 
DI - 0.73 10.16 6.91 8.37 8.36 11.58 5.84 
HY 7.09 10.22 14.87 10.62 10.93 10.30 14.00 12.27 
DL - - - - - - - - 
MGT 2.77 3.72 3.73 3.64 4.04 3.88 3.69 3.78 
ILM 2.22 '2.20 2.18 3.18 2.96 3.08 2.53 2.84 
AP 1.32 1.36 0.83 0.96 0.95, 0.88 0.58 0.73 
PPM 
BA 520 505 475 432 417 455 322 445 
278 390 677 581 587 583 421 544 
96 81 25 1 50 41 46 15 50 
Zk 458 428' 218 280 266 262 176 228 
V 95 80 50 65 51 49 46 51 
ZN 104 90 65 91 83 76 103 97 
Cu 12 28 20 24 34 8 25' 10 
LA 46 44 30 26 26 25 20 20 
CE 95 95 58 72 66 73 39 46 
NI 112 82 
C< 91 11 
V 151 174 
255 215 365 287 312 278 254 241 
D.I. 73.28 63.30 41.95 48.08 46.68 47.10 37.39 46.23 
A8LE C-I (CIJ'J1D) 
M890 M90. M9I. M92. M94. M95. M96. M97. 
S102 52.62 53.78 53.91 54.05 54.52 56.50 56.69 56.62 
1102 1.51 1.54 1.52 1.56 1.57 1.08 1.09 1.08 
AL203 18.16 18.03 1.17 18.69 18.56 15.11 15.42 15.12 
FE203 5.45 3.93 4.20 4.89 5087 2.33 2.53 2.49 
FEO 2.56 4.13 3.81 2.92 2.40 4.20 3.90 4.10 
MNO 0.09 0.09 0.13 0.08 0.09 0.11 0.11 0.11 
MOO 3.25 4.25 4.12 3.30 3.05, 7.34 7.23 7.05 
CAO 8.74 7941 7.36 7.48 6.98 6.21 6.15 6.23 
NA20 3.79 3.82 3.96 3.94 4.38 3.73 3.61 3.56 
K20 1.49 1.47 1.48 1.50 1.38 1.74 1.84 1.76 
H20 1.65 1.44 1.47 1.73 1.43 1.10 1.08 1.10 
i205 0.31 0.31 0.29 0.30 0.27 0.24 0.25 0.22 
TOTAL 99.62 100.20 100.42 100.44 100.50 99.67 99.90 99.44 
CIPw NORMS. 
O 3.09 4.11 3.63 4.82 4.32 4.92 5.49 6.19 
C - - - - - - - - 
OR 9.04 8.83 8.87 9.02 8.28 10.45 11.03 10.60 
AB 32.91 32.86 34.00 33.94 37.63 32.09 30.99 30.71 
AN 28.88 28.16 27.84 29.40 27.32 19.67 20.73 20.47 
D1 10.99 5.76. 5.89 5.17 4.92 8.00 6.81 7.62 
HY 7.51 12.61 12.23 10.14 9.90 !8.97 19.08 18.51 
OL - - - - - - - - 
MGI 3.88 3.95 3.91 3.78 3.96 3.24 3.18 3.28 
ILM 2.94 2.97 2.93 3.02 3.03 2.09 2.10 2.09 
AP 0.75 0.75 0.70 0.72 0.65 0.58 0.60 0.53 
PPM 
BA 387 412 397 405 512 485 500 510 
s R 539 544 535 526 604 534 550 526 
HB 48 48 44 48 32 59 61 65 
ZR 226 219 222 240 ' 238 213 214 216 
45 49 50 29 39 22 27 26 
ZN 83 92 85 80 73 69 70 69 
CU 31 13 24 30 28 28 43 35 
LA 24 22 30 28 21 33 36 42 
CE 53 56 56 65 55 59. 56 63 
NI . 240 246 
cli 290 30) 
V 122 115 
255 254 276 259 352 245 248 225 
D.I. 45.04 45.79 46.51 47.78 50.22 47.46 47.51 47.50 
TABLE C-I (CONTO) 
M980 M99. MI00. MIOl. M102. M104. M105. M107. 
S102 62.74 64.55 64.08 53.50 50.59 53967 55.65 61.27 
1102 0.66 0.65 0.66 1.43 1.51 1.58 1.51 1.34 
AL203 17.17 17.24 17.37 16.09 1700 17.64 18.04 15.22 
FE203 3.42 2.85 2.65 3.81 6.19 5.16 3.67 3.41 
FEO 1.38 1.64 1.49 3.63 . 	 1.87 2.45 3946 3.06 
MNO 0.15 0.05 0.08 0.13 0.14 0.16 0.11 0.06 
MGO 1.39 1.08 1.15 5.34 6.00 3.85 3.48 3.45 
CAO 0.67 2.74 2.65 7.46 6.92 7.50 6.81 2.10 
NA20 6.54 5.05 5.21 . 	 3.74 3.73 4.21 3.92 4.04 
(20 3.75. 2.88 3.13 1.23 1.46 1.68 1.69 3.64 
H20 1.53 1.41 1.28 2.51 2.71 1.33 1.50 2.62 
P205 0.33 0.31 0.32 0.37 0.37 0.36 .0.31 0.21 
TOTAL. 99.73 100.45 100.07 99.24 99019 99.63 100.15 100.42 
CIPW NORMS. 
Q 6.44 16.47 14.35 4.77 - 2.23 6.96 13.57 
C 1.97 1.59 1.38 - - - 
- 1.35 
OR 22.64 17.23 18.77 7.54 9.00 10.15 10.16 22.07 
AB 56.54 43.27 44.7 32.84 32.92 36.77 33.74 35.08 
AN 1.20 11.71 11.22 24.37 28.41 24.63 27.10 9.28 
Dl - - 
- 9.23 3.90 8.87 4.21 - 
HY 6.83 5.58 5.52 13.81 16.71 9.72 10.67 12.35 
OL - - - . 	
- 1.23 - - - 
MGI 2.31 2.16 1.99 3.72 3.93 3.68 3.50 3.18 
ILM f.28 1.25 1.27 2.82 2.99 3.07 2.92 2.61 
AP 0.80 0.74 0.77 0.91 0.91 0.87 0.75 0.51 
PPM 
BA 730 730 845 580 485 500 485 1085 
SR 364 472 452 747 490 542 478 301 
RB 108 89 75 16 28 38 53 118 
ZR 439 450 451 265 261 290 247 261 
Y 45 41 42 25 42 36 41 37 
ZN 206 143 104 84 154 80 84 219 
Cu ic 34 12 57 44 39 26 48 
LA 51 50 46 . 	 29 22 46 42 40 
CE 115 112 113 . 	 75 69 65 71 84 
NI 
- 57 
CR 18 58 
V 37 
. 204 
s/RB 288 279 346 637 432 367 262 256 
D.I. 85.62 76.96 77.86 45.15 41.92 49.15 50.87 70.71 
TABLE C-) (CONTD) 
MIlO. M116. Mill. M1I8. M119. M121. M126. M127. 
S102 53.75 54.09 55.90 52.07 54.05 53.56 50.94 52.56 
1102 1.26 1.55 1.30 1.53 1.40 1.06 1.43 1.41 
AL203 15.81 16.32 17.74 16.48 15.54 16.37 16.37 16.45 
FE203 4.28 4.71 3.57 6.29 7.55 4.89 6.82 6.26 
FEO 3.46 3.30 3.76 2.05 1.38 3.17 1.89 2.03 
MNO 0.14 0.15 0.13 0.10 0.07 0.11 0.10 0.12 
MGO 7.18 .5.39 4.09 5.99 5.53 6.83 6.98 4.63 
CAO 7.41 7.55 7.21 7.76 7.27 7.55 8.22 8.71 
NA20 3.59 3.52 4.02 3.80 3.45 3.62 3.39 3.72 
<20 1.64 1.72 1.84 1.9.3 1.16° 1.41 1.51 1.54 
1120 2.12 1.98 1.16 2.48 2.09 1.52 2.58 1.50 
P205 0.29 0.41 0.24 0.36 0.29 0.30 0.34 0.32 
TOTAL 100.93 100.69 100.96 100.84 99.78 100.39 100.57 99.25 
CIPW NORMS. 
1.41 4.39 4.63 - 6.68 1.64 - ° 	 2.00 
C - - - - - - - - 
OR 9.85 10.34 10.93 11.67 7.07 8.47 9.17 9.37 
AB 30.87 30.31 34.20 32.89 30.11 31.13 29.47 32.40 
AN 22.54 24.07 25.06 22.72 24.23 24.65 25.68 24.33 
DI 10.28 9.08 7.52 11.41 8.86 9.14 11.14 14.50 
WY 18.14 13.93 11.04 10.71. 15.32 18.30 14.13 9.85 
OL - - 
- 2.75 - - 2.61 - 
MGI 3.77 3.90 3.56 4.00 4.28 3.90 4.19 4.00 
ILM 2.43 3.00 2.48 2.97 2.74 2.05 2.79 2.76 
Al' 0.70 0.99 0.57 0.87, 0.71 0.72 0.83 0.78 
PPM 
BA 425 535 475 512 440 365 555 462 
SR 474 684 522 557 593 580 712 718 
RB 49 38 53 45 15 22 27 27 
ZR 210 261 262 240 228 202 228 218 
Y 27 30 36 30 27 28 41 33 
ZN 82 79 77 80 80 90 84 81 
Cu 55 43 24 48 50 34 41 53 
LA 38 46 38 44 38 
CE 65 80 82 70 66 48 63 72 
NI 322 12 220 
CR 298 20 246 
V 147 142 
° 	 116 
275 ' 	 370 	. 288 	, 352 641 532 455 465 
D.I. 42.13 45.05 49.77 44.56 43.86 41.23 38.64 43.77 
IABLE C-I (ct:)NTD) 
M128. M129. M131. M132. M133. M134. M135. M136. 
5102 52.98 53.16 53.53 53.98 54.37 53.74 54.26 54.26 
1102 1.42 1947 1.48 1.52 1.55 1.48 1.58 
1.52 
AL203 16.87 17.54 17991 17.62 18.30 17.79 
18•95 18.35 
FE203 5.92 3.69 6.20 5.67 4.46 5.02 
.4.47 3.21 
FEO 2.31 4.02 1.82 1.92 3.42 3.06 
2.75 4.98 
MNO 0.12 091.4 0.11 0.10 0.18 0012 
0.12 0.16 
MG0 5.38 5.01 4.61 4.19 3.58 4.02 
3.93 4.01 
CAO 8.07 7.58 7.69 7.92 7.63 7.90 
7.84 7.62 
NA20 3.74 3.95 3.95 3.99 . 	 3.79 3.90 
4.09 3.65 
(20 1.55 1.57 1.50 1.55 1.53 1.47 
1.50 1.50 
H20 1.83 1.56 1.64 1.63 1979 1.39 
1.74 1.02 
P205 0.32 0.36 0.29 0.32 0.34 0.29 
0.37 0.32 
TOTAL 100.51 100.05 100.73 100.41 100.94 100.18 101.60 
100.60 
CIPW NOkMS. 
O 1.61 1.58 2.35 3.26 5.32 3.57 3.06 5.09 
C . - - - - - - - - 
0r 9.34 9.45 9.00 9.32 9.16 8.85 8.91 8.93 
AB 32.26 34.06 33.94 3.37 32.49 33.57 34.81 31.11 
AN 25.14 25.97 27.12 26.05 28.77 27.16 29.08 29.47 
DI 10.87 7.98 7.80 9.51 5.93 8.72 6.11 5.26 
KY 13.32 13.44 12.43 10.14 10.71 10.68 10.66 12.45 
OL - - - - - - - - 
MG.T . 	 3.95 3.80 3.81 3.63 3.82 3.91 3.46 4.02 
ILM 2.75 2.85 2.85 2.94 2.98 2.86 3.02 2.91 
AP 0.77 0.87 0.70 0.77 0.82 0.70 0.88 0.76 
PPM 
BA 530 345 305 350 345 360 355 335 
Sk 764 472 500 518 486 536 531 513 
RB 33 37 36 35 31 39 37 31 
zR 229 199 214 230 226 221 228 234 
Y 40 36 40 48 40 41 36 44 
ZN 81 87 103 93 94 . 90 91 82 
CU 49 36 27 20 26 36 23 21 
LA 
CE 67 70 70 61 64 55 62 58 
NI 36 32 27 
cx 35 36 29 
V 154 . 142 166 
389 352 346 367 403 309 .332 401 
D.I. 43.20 45.09 45.29 46996 46.97 45.98 46.79 45.13 
TABLE C-I 	(C]NTD) 
M138. M139. M140. rlI42. 
S102 57.28 57.63 57.98 54.20 
1102 1.16 1.18 1.20 1.31 
AL203 17.50 17.37 17.05 17.75 
FF203 6.66 6.91 4.00 5.63 
FEO 0.62 0.46 3.54 2.92 
MNO 0.07 0.07 0.21 0.08 
MGI] 1.82 2.34 3.05 4.64 
CAl) 4.08 4.15 4.70 1.32 
NA20 5. 44 5. 52 4.95 4.45 
<20 2.50 2.55 2019 5.04 
H20 1.41 1.35 1.39 2.69 
P205 0.70 0.52 0.61 0.47 
TOTAL 99.24 100.05 100.87 100.50 
CIPw NORMS. 
4.81 3.45 6.07 - 
C 0.10 - - 3.80 
OR 15.20 15.37 13.06 30.62 
AB 47.36 47.64 42.26 38.71 
AN 16.12 15.39 17.99 3.58 
DI - 1.76 1.23 - 
HY 8.99 9.39 11.97 10.69 
OL - - - 4•74 
MGI 3.45 3.46 3.66 4.16 
ILM 2.27 2.29 2.30 2.56 
AP 1.71 1.26 1.46 1.14 
PPM 
BA 615 660 550 785 
SR 380 373 360 269 
RB 75 71 62 92 
ZR 415 418 378 32 
82 80 64 45 
ZN 176 166 128 148 
CU 5 9 35 12 
LA 34 
CE 93 
NI 5 12 
CR 14 21 
V 53 153 
277 298 293 504 
D.I. 67.37 66.46 61.39 69.33 
TABLE C-2. 
MI9A. M20A. M23A. M24A. M35A. M4IA. M64A. 
S102 .50.99 53.09 54.17 51.36 52.46 52.68 52.33 
1102 1967 1.70 1.60 1.70 1.88 1.44 1.67 
AL203 17.11 17.31 17.50 17.77 18.69 19.45 17.96 
FEO 8.02 6.53 7.82 6.31 8.85 7.05 8.90 
MNO 0.17 0.16 0.20 0.20 0.12 0.30 	. 0.20 
MGO 4.87 3.93 3.91 4.02 2.25 3.31 2.82 
CAD 8.07 8.88 7.54 9.46 7.50 6.23 6.56 
NA20 3.85 3.64 4.03 3.60 4.55 4.94 4.43 
K20 1.44 1.73. 1.71 1.16 1.62 1.76 1.73 
H20 2.90 2.40 1.38 3.20 1.25 1.60 1.40 
P205 0.44 0.50 0.38 0.36 0.33 0.43 0.36 
TOTAL 99.53 99.87 100.24 99.14 99.50 99.19 98.36 
CIPW N0t'MS. 
Q - 0.76 - - - - - 
C . - - - - -, - - 
OR 8.80 10.49 10.22 7.14 9.74 10.65 10.54 
AB 33.70 31.59 34.49 31.74 39.18 42.82 38.65 
AN 26.02 26.44 24.89 30.12 26.24 26.33 24.76 
DI 10.29 12.72 8.69 13.48 8.03 2.06 5.40 
HY 7.48 13.47 17.71 13.12 .3.81 1.32 9.37 
OL 9.35 . 	 - 0.02 0.14 8.57 12.98 7.13 
MGI - - - - 
ILM 3.28 3.31 3.07 3.36 3.63 2.80 3.27 
AP 1.08 1.21 0091 0.89 0.80 1.04 0.88 
D.I. 42.51 42.84 44.71 38.89 48.92 53.48 49.19 
/ 
/ 
TABLE C-2 (CONTD) 
N174A. M83A9 .M87A. M98A. N1I00A. MI02A. MIO5A. 
S102 56.21 55.09 53.33 63.76 64.97 51.11 56.54 
1102 1.70 1.56 1.66 0.00 0.04 1.58 1.68 
AL203 18.53 14.54 15.80 17.35 17.47 18.50 17.95 
FED 6.80 7.99 7.33 3.88 3.39 6.69 6.55 
MND 0.15 0.24 0.24 0.13 0.06 0.17 0.12 
MOO 2.43 4.56 4.77 1.42 1.18 4.61 2.33 
CAO 6.02 7.00 9.07 0.61 2.61 7.23 6.70 
NA20 4.61 3.79 3.35 6.77 5.26 3.90 4.06 
20 1.98 	° 1.47 1.02 3.84 3.21 1.53 1.88 
H20 1.31 2.17 2.10 C 	1.61 1.32 2.81 1.55 
P205 0.33 0.48 0.31 0.34 0.33 0.39 0.35. 
TOTAL 100.07 98.89 98.98 99.71 99.84 98.52 99.71 
CIPW NORMS. 
O 2.52 4.27 3.15 3.94 13.00 - 5.92 
C - ° 	 - - 1.79 1.41 - - 
OR 11.84 	° 8.98 6.22 23.13 19.25 9.44 11.23 
AB 39.49 33.15 29.25 58.38 45.17 34.47 34.99 
AN 24.32 18.94 25.86 0.82 10.95 29.72 25.67 
D:I 3.14 11.39 15.26 - 	 - - 4.19 4.93 
WY 14.63 19.04 16.24 11.11 9.35 11.75 13.08 
DL - - - 	. 
 6.33 - 
MGI - - - - - - - 
ILM 3.27 3.06 3.25 - 0.08 3.13 3.25 
AP 0.79 1.18 0.76 0.82 0.79 0.96 0.84 
0.10 53.85 46.40 38.63 ° 	85.45 77.42 43.92 52.23 
TABLE C-2 (CONTD) 
MII6A. 	MII7A. 	MI2IA. 	Mi26A. 	M129A. 	M136A. 
S102 54.90 56.32 55.00 51.35 53.38 54.58 
1102 1.63 1.38 .1.16 1.67 1.49 1.57 
AL203 17.20 17.69 17.99 16.06 17.82 18.55 
FF0 6.65 7.02 5.93 8.07.. 7.07 7.66 
MNO .0.16 0914 0.12 0.12 0.14 0.16 
MGO 3.70 3.62 3.86 5.95 4•49 3.42 
CAO 7.95 6.91 8.30 7.91 7.70 7.70 
NA20 3.71 4.12 3.98 3.55 4.01 3.71 
g20 1.81 1.96 1.55 1.78 1.59 1.55 
H20 2.03 1.20 1.55 2.68 1.60 1.04 
P205 0.43 0.26 0.33 0.40 0.37 0.33 
TOTAL 100.17 109.62 99.77 99.54 99.66 100.27 
CIPW NORMS. 
.3.17 2.30 1.83 - - 2.50 
C . - - - - - - 
OR 10.90 11.65 9.32 10.86 9.58 9.23 
AB 31.98 35.06 34.28 31.01 34.60 31.63 
AN 25.40 2A.12 27.12 23.36 26.43 29.61 
DI 9.88 7.20 10.41 11.88 8.30 5.61 
HY 14.48 16.41 14.00 9.08 14.58 17063 
OL - - - 9.57 2.73 - 
MGI - - - - - - 
ILM 3.15 2.64 2.24 3.27 2.89 3.00 
AP 	. 1.04 0.62 0080 0.98 0.89 0.79 
D.1. 46.04 49.01 45943 41.86 44.17 43.36 
TABLE C-3 
Mill' = Dolerite 
M112 = Dolerite 
Miitf = Segregation Vein 
TABLEC-3. 
Mill. Ml12. M.1I4. 
S102 52.94 52.50 65.14 
T102 1.40 1.42 0.79 
AL203 1701 17.74 14.53 
FE203 4.57 4.66 2.29 
FED 3.46 3021 2005 
MNG 0.09 0009 0008 
MGO 5.17 5.48 1.69 
CAO 7.36 6961 2004 
NA20 4.21 4.38 3.69 
(20 1953 101 5.92 
H20 2.46 2.67 1017 
P205 0.31 0.28 0.19 
TOTAL 101.21 100.81 	. 99.58 
CIPW NOiMS. 
Q 2.04 1.38 I5.30 
C - - -. 
OR 8090 10.56 35.03 
AB 	: 35.63 37.20 30.92 
AN 25.02 23.35 5.56 
DI 7.37 5.83 2094 
NY 9.60 9000 3.30 
OL - - - 
MGI 6.73 6.26 3.25 
HM - 0.32 - 
ILM 204 2.74 1.52 
AP 0.67 0.67 0.34 
PPM 
BA 370 410 756 
SR 568 589 217 
RB 46. 48 127 
ZR 213 228 499 
27 . 	 31 55 
ZN SI 127 55 
Cu 41 32 44 
LA 28 48 64 
CE 65 68 116 
KIRS 276 306 	. 387 

Key to TABLE D-1 
013 	 Olivjne Basalt 
FOB 	Feldspar phyric Olivine Basalt 
CFOB 	Clinopyroxene-feldSPaX phyric Olivine Basalt 
OBA 	Olivine Basaltic-andesito 
• 	FOBA 	Feldspar phjric Olivine Basaltic-andesite 
CFOBA 	Clinopyroxene-feldapar phyric Olivine Basaltic-afldesite 
HKBA 	High-K BasaltIc-andesite 
OA 	 Orthopyroxene phyric Andesite 
HKA 	High-K Andesite 
• 	D 	 Dacite 
* 	 National GridRefereitcé on 611 sheets 
Modal Phenocryst Data (Volume %) 
01 	=Olivine 
P1 	= Plagioc].ase 
Cpx = Clinopyroxene 	 • 	
0 
Opx = Orthopyroxefle 
Kepar = Alkali feldspar 
Ore = Fe/Ti oxide 
tr 	= Trace 
ABLE D-1 
Ml FOBA Collace Quarry N9 20853160 01 2.0 9 P3. 6.3, Ore 1.2 
142 FOBA CoUace Quarry NO 20843160 01 2.8 9 P1 69 
143 FOBA Collace Quarry.  NO 20803160 01 1.1, P1 5.39 Ore 0.7 
147 FOB Black Hi].1,. NO 22153170 01 4.2 1 P1.6.0 
FOB Blaôk Hill NO 22123171 01 4.9, P1 5.9 
1413 P08 Nr Craighead Quarry NO 24102814 01 1.7 9  P1 4.9 
1418 CFOB Denend NO 31024171 01 1.5, P1 1.9, Cpx 0.5, 
1419 CFOB Denend NO 31064165 01 2.6 9 P1 5.4, Cpx 2.0 
1420 	. OB Denend NO 312O4i52 01 5.1 . 
1423 CFOBA Denend NO 31414130 01 0.4, P1 5.0, Cpx 1.5 
1424 OB Denend NO 31454114 01 8.0 
1426 HKA Denend Burn NO 31854082 01 2.19  P1 3.3 
1428 FOB Denend Burn NO 32324105  01 2.4 9 P1 613 
1429 FOB Denend Burn NO 32334103 03. 1.4, P1 6.7 
1430 CFOBA Nortbbailo Quarry,  NO 24693540 01 2.7, P1 10.3,, 
Cpx 0.1 
1431 CFOBA Northballo Quarry NO 24693542 01 4.1 9 P1 6.79 Cpx 0.3 
1432 FOB 	. Burnside Quarry . NO 305740U  01 3.4 1 P1 4.8 
1433 FOB Burnaide Quarry.  NO 30564010 01 3.5, P1 7.1 
1434 FOBA Burnaide Quarry NO 30554009 01 3.9 P1 61 
1435 FOB Burnaide Quarry NO 305411008 01 3.91 P1 6.0 
M36 FOB Burneide Quarry NO 305311005 01 3.1, P1 6.0 
1437 FOB Burneide Quarry , NO 30514063 01 3.6, P1 3.7' 
1438 FOB Burnaide Quarry 	. NO 305b4002 . 	 01 3.0 9 pi 6.8 9 Ore 0,3 
.1439/  
1439 FOB Burneide Quarry NO 36484000 01 2.2 9 
P1 8.1+, Ore 0.5 
M41 FOB Burnside Quarry NO 301+53995 01 1-3,'Pl 9.1+, Ore 0.5 
141+2 FOB Burnaide Quarry NO 304143992 01 4.3, P1 5.8 
i4+3 FOB Burnside Quarry NO 301+23991  01 3.5, P1 5.8 
14*14 FOB Burnaide Quarry NO 30403990 01 2.2 9 P1 14.6 
141+9 FOB Burnaide Quarry NO 30513991  01 2.3, P1 6.0, Ore 0.1 
1450 FOB Burneido Quarry NO 30523995 01 2.79 P1 14.2 
M53 FOB Pitmiddle Wood NO 2250311+5 01 4.2, P3. 70 
1454 FOB pitmidd].e Wood NO 22503146 01 4.2, 
P1 9,1+ 
p455 FOB pitmiddle Wood NO 23163120 01 5.7, P1 9.7 
1456 FOBA Hoole Hill NO 23423110 01 1.0 1  P1 1.2 
1458 FOBA Hoole Hill NO 23+23111  01 2.5, P1 14.7 
1459 CFOBA Pitmiddle Hill NO 2381+3062 01 3.8 9 P1 32.8 Cpx 1.3 
1460 CFOBA Ni' Pitiniddle Hill NO 24423209 01 3.2 9  P1 12.6, Cpx 0.9 
1461 CFOBA Ni' Pitmiddle Hill NO 241423209 01 2.8, P1 12.5, Cpx 1.6 
1462 D Kirkton Hill Wood NO 25753174 P1 0.79 Ore 1.0 
1461+ FOB Burna.de Quarry NO 30573997 01 3.1, P1 5.6 
1465 FOB Burnsi.de Quarry NO 3O6Ok0OO 01 4.1+ 9 P1 6.]. 
1466 FOB Burnaide Quarry NO 30641+005 01 2.8 9 P1 4.5 
1467 FOB Burneide Quarry NO 30684110 01 2.71 P1 6.2 
1468 FOB Buruside Quarry NO 3071401+1 01 3.1, P1 8.2 
1469 FOB Burneide Quarry NO 39654017 01 3.4, P1 9.2 
1470 FOB Burnside Quarry NO 3063.4016 01 3.1, P1 5.9 
1471 IOBA Collace NO 20783153 
01 2.0, P1 8.1 
1472 FOB! Coflace NO 20813153 01 1.8 1  P1 6.3 
1473 FOBA Collaoe NO 20843154 01 200 1 P1 4.8 
14714 FOBA Collace NO 20863155 01 2.39 P1 6e3 
M75 FOBA Collace NO 20863157 01 1.3, P1 67 
1476 FOBA Collace' NO 20853158 ' 01 1.9,'  P1 70 
M77 FOBA Coflace" NO 20853159 01 
3.14 1  P1 8.2 
1478 FOBA Collace NO 20833160 0]. 1.6, P1 6;2 
M79 FOBA Collace 
: 
NO 20803161 01 1.8, P2. 3;?' 
1480 FOBA Collace NO 20783162 01 1.8 9  P1 67. 
1481 HKA Nr Hoole Farm NO 21323065 02. 1.14 9 P1 01 
1482 HKA Ni' Hoolo Farm NO 21183031 01 0.8 1  P1 014 
1483 CFOBA Ni'. Pitmiddle Wood NO 211453010 01 14.14, P1 21.9, Cpx 2.3 
M84 CFOBA ,Nr Pitmiddle Wood NO 217143123 01 1.8, P1 2;8, Cpx o.k 
1485 , COBA Ni' Pitmiddle Wood, .' 	NO 20803002 01 3,9, P2. 6.8, Cpx 0.2 
1486 CFOBA Ni' Pitmiddle Wood ' 	 NO 20702995 01 3.1, P1 6.7, Cpx 065 
M87 CFOB 	. !4r Pitiniddle Wood NO 21752990 ' 0]. 14.3, P1 16.2, Cpx 0]. 
1488 FOBA Ir Pitmiddle Wood NO 22002980 01 200, P1 0.9 
1489 FOB ' 	 Nr Pitmiddle Wood NO 22302960  01 2; 14, P2. 2-3  
1490 FOBA Nr Pitmiddlö Wood NO 22322960 . 01 208, fl 2;1 
1491 FOBA Ni' Westlawe' 	. NO 221402950 01 2.2, P1 10 
1492 FOBA Nr Weatlawa 	, , NO 22522968 01 2;I, P1 1;7 
14914 FOBA Ni' Woodburn Head NO 23082970 01 1.1, P1 .140 
1495 OA ' BalloQuarzy 	' . 	 NO 26513514  P1 2.4 1 Opx 3.14 
1496 OA Ballo Quarry 	. NO 26503516  P2. 3.1 Opx 1.5 
1497 OA 	. Baflo QuaIry 	' ' NO 261493514 P1 1.8, Opx 2,5 
1498 D 	' 	' Kirkton Craig NO 26113137  P1 04-9, Ore 0.8 
149 
D Kirkton'Craig NO 26133135 P1 00, Ore 0.7 
14100 D Kirkton Craig NO 26153136  P1 1,3, Ore 0.7 
M101/ ' , - 
MiOl FOBA Loohindores Quarry NO 27k 23579 01 5.8, P1 1.8 
M102 OB Ba).shando NO 28183588 01 3.11, Ore tr. 
MlOk CFOBA Gask Hill NO 21+21+3550 01 1.7, P16.3, Cpx 0.1 
P1105 FOBA Gask Hill NO 21+2731+92 01 2.8 P1 6.3: 
P1107 1) Milton NO 31333090 P1 3.5 'Kspar:12. 11 
=0 CFOBk Milton NO 311+93095 014.9 P1 0.2,: Cpx 0.1 
14116 OBA Newton quarry NO 31583837 01  3.9,9 :Qre tr.. 
P1117 CFOBA Little Law Quarry NO 3561+1+472 01 1,Q, P1 +.O. Cpx 1.0 
P1118 OW WestérDenoon NO 31+761+295 0]. +.k 
19 OBA Weater Denoon NO 31+731+285 01 5.1 
Mi21 OBA Nr'Evelick Castle NO 20632597 01 7.2: 
Pa26 CFOB Swirlhead NO 20602782: 01 3.59 P1 9.5,; Cpx 1.7 
P1127 FOB Mr Swir].head NO 20752797 01 2.0:, P1 7.8 
14128 CFOB Mx'. Swirlhead NO 20822810 01 2.8 1  P1 11.3,,  Cpx 0.6: 
M29 OBA •Whitmyre Wood 	. NO 20592885  01 1.2: 
P1131 FOBA 'Mr 'Fraxk1yden NO 21082915 01 O.8, P1 0.6. 
P1132 FOBA Mr Franklyden NO 20972913  01 1.6, P1 0.3: 
P133 FOBA Nr Fank1yden NO 20972912  01 1.29  P1 1. 3 
P1134 FOBA Nr"Franklyden NO 21062901 01 1.9, P1 1 • 2: 
P1135 FOBA Mr Whitmyre Wood : NO 21032877 01 2.9 9  P1 1+ • 1: 
P1136 FOBA Mr Whitmyre Wood NO 20722852 01 1.5 P1 1.1+ 
!1138 HKA Mr Hoole Farm NO 21373067 01  0-5i P1  0.5: 
P1139 HKA Nr' Bandiz'ran NO 21383069  01 0.83 P1 0.3 
P111+0 HKA Mr Bañdirran NO 21183035 01 0.6, P1 019 
P111+2 HKBA Craig Head Quarry NO 21+102810 Kapar 0.2, Ore 0.9 
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